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This  report  summarizes  the  state-of-the-art  in  halicoptar  noise.  It  includes  a bibifopaphy  of  reports  on  all  compo- 
nents of  helicopter  noise  including  main  rotor,  tail  rotor,  engine  and  gearbox.  Literature  on  helicopter  noiee  reduc- 
tion and  subjective  evaluation  of  helicopter  note  were  alio  included.  Capaula  aummarias  of  important  reports  are 
included  which  describe  the  purpose  of  the  report,  summarize!  the  important  faults,  comperes  the  report  with 
others  on  the  some  subject,  and  provides  a critical  evaluation  of  the  work  presented.  It  is  concluded  diet  the  avail- 
able  prediction  methodology  provides  a miens  for  estimating  halicoptar  sources  on  a gross  basis.  However,  the 
mechanisms  of  noise  generation  are  still  not  fully  understood,  ahhou^t  the  experimental  and  theoretical  tools  are 
now  available  to  conduct  the  definitive  experiments  end  establish  the  mathematical  models  needed  for  accurate 
definition  of  helicopter  noise  generation  mechanisms.  Spectrum  analyses  of  halicoptar  note  diow  that  main  rotor, 
tail  rotor,  and  engine  sources  contribute  significantly  to  annoyance.  In  case*  writers  these  sources  hme  been  heavily 
suppressed,  gearbox  noise  will  alto  appear  at  a significant  contributor  to  annoyance.  Therefore,  quieter  helicopters 
must  include  suppression  of  ail  of  these  components.  For  certification,  the  literature  indicates  that  a new  note  unit 
is  required.  This  unit  may  use  the  effective  perceived  note  level  concepts  but  mould  include  corrections  for  impul- 
sive noise,  correctly  address  the  influence  of  tones  throughout  the  frequency  spectrum,  extend  the  qw.-trum  of 
interest  to  very  low  frequencies,  and  comedy  address  the  annoyance  of  note  components  below  509  Hz.  For 
assessing  the  community  acceptance  of  helicopter  noise,  modification  of  the  Day-Night  Note  Laval mows 
promise.  f\ 
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INTRODUCTION 


The  helicopter  is  a complex  vehicle  from  a noise  standpoint.  Significant  noise  pro- 
ducing components  in  the  system  include  the  main  rotor(s),  tail  rotor,  engine(s)  and 
gearboxes.  Differences  in  vehicle  design  philosophy  cause  differences  in  noise  char- 
acteristics; e.  g. , some  vehicles  use  a main  rotor  for  lift  with  an  antitorque  tail  rotor, 
other  vehicles  use  fore  and  aft  main  rotors  while  others  use  meshing  main  rotors  or 
dual  contra-rotating  main  rotors  without  a tail  rotor.  Differences  in  rotor  design 
philosophy  also  cause  differences  in  noise  characteristics  since  some  manufacturers 
may  use  high  tip  speed  two-bladed  main  rotors  while  other  manufacturers  may  use  as 
many  as  seven  blades  operating  at  lower  tip  speed. 

Research  to  establish  prediction  techniques  for  all  of  the  important  helicopter  noise 
producing  components  has  been  under  way  for  many  years.  In  many  areas  the  acoustic 
theories  relating  the  generated  noise  to  aerodynamic  and  design  parameters  have  been 
fairly  well  developed  and  appear  t.  ? adequate  for  current  needs.  However,  as  this 
report  will  show,  there  arc  many  areas  where  ‘be  noise  generation  mechanisms  are 
just  now  beginning  to  be  understood  and  other?  where  much  further  work  Is  required. 
Also,  the  aerodynamic  inputs  required  for  the  noise  calculations  are  often  inadequate 
for  satisfactory  noise  estimates.  It  is  thus  apparent  that  the  noise  prediction  method- 
ology is  inadequate  due  to  the  lack  of  tools  required  to  define  the  unsteady  aerodynamics 
(i.  e. , fluctuating  blade  loads)  rather  than  in  serious  limitations  in  the  acoustic  theories. 
Fortunately,  the  helicopter  as  a military  vehicle  has  benefited  from  noise  control 
studies  oriented  toward  reducing  detectability.  This  has  resulted  In  a body  of  know- 
ledge which  can  be  evaluated  in  terms  of  annoyance  when  helicopters  are  used  as 
civilian  transports. 

The  purpose  of  this  report  is  to  provide  a current  bibliography  of  reports  describing 
studies  of  components  of  helicopter  noise,  provide  capsule  reviews  of  the  more  signif- 
icant reports,  summarize  the  state-of-the-art  based  on  the  literature^  and  discuss 
areas  where  further  research  is  needed. 
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!:.  tiiis  rep., rt,  ti,. • slate  -t-l  -the-art  in  ln-li*  «.pu  r mdse  is  reviewed.  Ari  as  evaluated 
i nr  I ii.ii-  f..r.i.ul.iti«.n.s  «i!  iet..r  .r<‘. iti.iii.il,  l»i.  »:n  Jl/.i  tul.  an.  I impulsivei.  engine,  gt-ar- 
I.  , .iii.l  helicopter  in  i sr  nutho.lol.igv;  helicopter  noise;  reduction  tech- 

niques; an. I mibieetivc  rrspoiiM*  evaluation  <■!  helicopter  noise.  A bibliography  of 
nv.-r  |i)>»  mi  ih.  se  subjects  is  included  along  with  capsule  summaries  of'impor- 

t. :iit  reports  from  the  liiMiicraptn  . 

li>H!)i  noise  consists  ot  .liset.  te  In-querni  ami  broadband  components.  The  discrete 
tie  jin  nee  «\>tiipi  meats  are  ref.  rrnl  to  as  rotational  noise  harmonics  ami  occur  at 
i:.:.iupl<  s of  blatie  passage  iie«|Uiaiev.  ltot.ition.il  noise  is  a result  of  the  rotating 
pressure  field  caused  Kv  the  rotor  blade  loading  liac  'o  thrust.  Interaction  with  in- 
nested  turbulence,  tip  vortices  and  ns\  in  metric  inflow  can  significantly  enhance  har- 
monic content  .if  rotational  noi-o*.  Cyclic  pitch  and  forward  flight  can  give  rise  to  a 
Made  loading  whii  h vaiies  once  |ht  revolution.  Under  certain  conditions  this  can  give 
rise  to  impulsive  noise,  characterized  by  highly  .uim*;  tag  "hanging”  sounds.  Broad- 
band random  noise  in  the  rotor  sf  jetrum,  formerly  called  "vortex"  noise,  is  probably 
c.ii:  ed  in  mtera'-tion  »i  til.  blades  with  inflow  turbulonre.. 

in  calculations  of  rotor  harmonic  noise,  the  steady  loading  methods  are  inadequate  to 
explain  the  high  level.-,  of  measured  harmonics.  Unsteady  loading  of  the  blades  Is 
required  to  improve  ihe  correlation  between  calculations  and  measurements  at  high 
harmonic  orders.  In  open-lorm  solutions,  instantaneous  blade  loads  are  computed  at 
many  angular  positions  an<i  several  radial  stations  during  the  rotation  of  the  blades. 
These  loads  are  then  numerically  integrated  to  define  the  noise  at  a given  field  point. 
This  approach  is  generally  costly  as  it  requires  long  compulation  time.  The  computa- 
tion time  can  !>o  significantly  reduced  by  assuming  an  analytic  form  for  the  azimuthal 
variation  of  blade  loads  (closed-form  solution)  ratheclhan  the  many  descrete  points 
required  for  the  open-form  solution.  The  integration  can  then  be  done  analytically. 
With  few  exceptions,  such  is  lor  impulsive  noise,  closed-form  solutions  give  compa- 
rable results  to  open-fonn  solutions.  Results  using  this  methodology  arc  greatly 
improved  over  the  steady  loading  formulations.  However,  some  deficiency  in  high 
frequency  noise  prediction  remains.  This  has  been  improved  by  modifying  the  un- 
steady airload  inputs  to  account  for  unsteady  vortex  effects  as  measured  in  wind  tunnel 
tests.  ■ 

It  appears  that  the  existing  noise  theories  are  adequate  for  good  prediction  of  heli- 
copter rotational  noise.  The  limitations  in  Ihe  methodology  appear  to  lie  in  the  defini- 
tion of  the  fluctuating  aerodynamic  blade  loading  inputs  to  the  acoustic  theory'.  Since 
the  fluctuating  blade  loads  cannot  be  well  predicted  analytically,  empirical  (or  at  least 
partly  empirical)  methods  for  estimating  blade  loads  are  required  for  predicting  the 
rotational  noise  of  helicopter  rotors. 
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The  origin  of  rotor  broadband  noise  is  probably  the  turbulence  in  the  flow  seen  by  the 
rotor  blades.  The  prediction  of  rotor  broadband  noise  based  on  rotor  geometry  and 
operating  conditions  using  empirical  procedures  has  proved  acceptable.  The  success 
of  such  methods  is  misleading  in  that  they  do  not  model  the  detailed  acoustic  processes* 
but  rely  on  generalization  of  existing  test  data.  The  recent  impetus  to  study  broadband 
noise  is  the  result  of  reducing  helicopter  data  with  improved  equipment  that  shows  the 
higher  frequency  components  of  the  spectrum  to  consist  of  peaks  at  blade  passage 
harmonics  superimposed  on  a lower  level  of  broadband  noise. 

Impulsive  noise  is  generally  considered  to  be  a special  case  of  rotational  noise.  Two 
basic  mechanisms  are  believed  to  be  responsible  for  impulsive  noise.  Interactions 

between  tip  vortex  filaments  and  the  rotor  blades  are  one  major  cause.  Compressible  *' 

aerodynamic  effects  are  the  other  major  cause.  The  major  limitation  In  calculations 

of  vortex  filament  interaction  noise  is  the  difficulty  of  specifying  the  details  of  the  In-  i 

teraction  of  the  filament  with  the  blade.  This  is  due  to  the  complex  trajectories  of  the  j 

vortex  filaments  and  the  blades.  The  impulsive  noise  that  occurs  during  high  Bpeed  j 

cruise  of  a single  rotor  helicopter  Is  believed  to  be  caused  by  the  compressible  drag 
rise  on  the  advancing  rotor  blade  due  to  the  high  resultant  of  rotational  and  flight  speed.. 

As  in  other  rotor  noise  prediction  areas,  the  specification  of  the  aerodynamic  imputs 
for  the  calculations  require  further  work. 

Engine  noise  research  has  received  recent  attention  because  of  its  importance  in 
turbofan  engines.  The  noise  components  of  engines  identified  in  these  studies  are  jet 
noise,  combustion  noise,  turbine  noise,  and  compressor  noise.  Jet  noise  in  helicop- 
ters is  not  considered  significant  for  current  helicopters  because  of  the  low  exhaust 
velocities  of  helicopter  engines.  However,  it  may  become  a significant  component  in 
future  quiet  helicopters.  Combustion  noise,  which  appears  as  a broadband  noise 
which  peaks  near  400  Hz,  is  the  dominant  component  of  engine  noise.  Turbine  noise 
appears  at  higher  frequencies  and  consists  of  tones,  pseudo  tones,  and  broadband 
noise.  Compressor  -noise  occurs  at  high  frequencies  and  is  the  lowest  level  component 
of  engine  noise.  Compressor  noise  is  easily  suppressed  with  sound  absorbent  duct 
liners. 

j 

Two  approaches  to  engine  exhaust  noise  suppression  can  be  used.  The  first  approach 
reduces  source  noise  by  changes  in  design  or  operating  parameters.  This  appears 

promising  for  future  engine  designs,  but  results  In  Increased  weight  and  size  or  In-  ; 

creased  fuel  consumption  in  present  engine  designs.  The  second  approach  is  the  use 

of  acoustically  treated  ducts  to  attenuate  generated  noise.  This  approach  Invariably  : 

adversely  affects  engine  performance  and  also  results  La  Increased  weight.  ; 

i 

Gearbox  noise  is  not  generally  a problem  in  current  helicopters.  However,  quieter  I 

versions  in  the  future  will  require  gearbox  noise  suppression.  Significant  progress  1 

has  been  made  In  understanding  gearbox  noise  mechanisms  over  the  past  eight  years.  ' ] 

This  has  included  development  of  both  analytical  and  empirical  noise  prediction  1 

; 

A 
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; r-  •■tiuivs.  1 h'-  ■•nijiiriral  nir!h)il.->  .1  re  relatively  c.isv  to  use  and  appear  to  offer 
«*n  •I-:*-  .uvur.it”.  in  h«*lu  opu-r  applications.  Analytical  methods,  on  the  other 
h.irs n lire  . .n  il  !••.■!  ot  il<  t.tilt  <1  .!<•:  *.gn  i.-ii-irmation  to  use  unit  still  require  some 
»*.!.;iir;r  il  ruri'.s • turn’s  lor  1v.ison.1hh-  agreement  with  experiment.  It  appears  that  the 
i-t:  pm.'al  proivilures  -loul-l  In;  u.-:eil  to  rsi'm-itc  levels  of  existing  gearboxes,  while 
t.\.  arr'l’. 'iral  procedures  are  more  useful  in  diagnosing  noise  problems  in  new  gear- 
: o\  -a  ml  developing  suuree  noise  Msppression  techniques. 

I prediction  of  noi.-.e  for  complete  helicopters  has  recently  received  some  attention. 

! ■ limited  pivdii  Mon  proee' hi :•••>.•  «,ow  available  appear  to  lie  adequate  for  studies  of 
. omnium!.  .ev«  pt.uu  ■•.  The*  , procedures  are  vehicle  oriented  and  do  not  appear 
..  iitaMe  |.»-  dt  tailed  studies  ul  source  noi.-.e,  as  they  are  usually  semiumpirical  and 
use  .n>  -s  ih  si.ai  ami  operating  parameU  rs  rather  tl..*r  detailed  acroacoustic  para- 
meter;. 

A ie\v  ol  experimental  programs  to  reduce  the  noise  of  existing  helicopters  showed 
l ha!  lower,  mdse  level*,  can  In-  ;u  hieveiJ,  hut  at  the  expense  of  performance  reductions 
and  weight  increase-’.  Kotor  noise  reduction  was  attained  by  reducing  tip  3peed,  in- 
creasing rotor  solni't . !>v  adding  blades,  and  by  limited  blade  aerodynamic  improve-’ 
meat...  hngine  noise  was  mlueed  primarily  by  Installation  of  inlet  and  exhaust 
mui'lers.  th-arbox  noise  was  reduced  primarily  by  installation  of  enclosures  around 
ir.i  ;’,earbo\  and  by  applc  atlon  of  damping  met*  rial  to  gears  and  shafting.  These  noise 
redi;*  ti  in  tcehmqucs  Were  effective,  hut  might  rot  be  acceptable  in  commercial  trans- 
port helicopter-’  because  of  the  ir  weight  sum!  performance  penalties.  Further  research 
is  required  in  the  noise  reduction  area  to  define  rotor  and  engine  configurations  that 
ar-  both  quiet  and  efficient. 

Subjective  response  10  aircraft  noise  must  In-  considered  from  two  standpoints:  air- 
ciaf»  noise  certification  and  ccmmunitv  reaction.  In  the  first  area,  c scale  Is  needed 
to  measure  the  perceived  b”.vl  of  an  individual  aircraft  flyover  sound?  In  the  second 
afc.t,  a community  acceptance  calculation  procedure  which  accurately  evaluates  the 
long  term  effects  ol  aircraft  noise  on  communities  around  airports  is.  required.  For 
noi-c  certification,  serious  J»  ficier.cles  exist  in  the  existing  rating  scales  because  of 
the  significant  deferences  bciwix.:  helicopter  noise  and  noise  from  other  types  of  a!r- 
ci  aft.  Based  on  the  data  from  the  literature,  it  appears  that  the  helicopter  noise 
certification  unit  will  use  Kft'ectiye  Perceived  Noise  Level  as  the  basis  for  develop- 
ment. Revisions  appear  necessary  to:  1)  rev ‘so  the  psychoacoustic  response  {Novi 
curves  and  extend  them  below  50  Hz,  2)  use  integrated  duration  correction  as  used 
in  I'AK  Part  -’ar  rather  than  10  log^v  (t/l.*«>  (wtvre  t is  the  time,  in  seconds,  between 
10  dll  down  pointsi,  il)  include  the  effects  of  impulsive  notse,  and  4)  correctly  account 
for  the  effect  of  discrete  frequency  noise  below  500  II/..  The  data  from  the  literature 
support  the  use  of  some  version  of  the  l.,]n  concept  for  community  acceptance  evalua- 
tion. The  basic  unit  for  l.vi?  calculation  might  be  dBA  corrected  foe  pure  tones  and 
duration  as  described  above.  Impulse  noise  pe-altier  would  also  be  included. 
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HELICOPTER  NOISE  SOURCES 


Introduction 


i'hc  principal  helicopter  noise  sources  are  those  associated  with  the  main  rotors  or 
main  and  tail  rotors,  drive  engine(s),  and  gearbox(es).  All  these  sources  give  rise 
to  a broadband  noise  spectrum  extending  over  the  entire  audible  spectrum  and  to  dis- 
crete frequency  noise,  which  may  or  may  not  be  detectable  to  the  human  ear.  Under 
certain  conditions,  helicopter  rotors  may  generate  Impulsive  noise,  descriptively 
termed  "blade  slap"  or  "banging". 

Rotors  produce  noise  due  to  the  rotating  forces  on  the  blades  and  the  displacement  of 
the  air  due  to  the  blade  section  area.  Also,  at  high  tip  speeds  and/or  high  flight 
speed,  the  flow  over  the  blade  section  may  exceed  sonic  velocity  and  a local  (and  thus 
moving)  shock  is  generated.  Finally,  fluctuating  blade  loads  may  occur  due  to  inter- 
action with  atmospheric  turbulence,  tip  vortices,  or  the  flow  from  another  rotor. 

Engines  produce  noise  over  a broad  frequency  range  The  engine  inlet  compressor 
generally  contributes  to  high  frequencies  and  the  engine  exhaust  dominated  at  low 
frequencies,  although  turbine  tones  nay  occur  at  high  frequency. 

Gearbox  noise  can  be  apparent  in  the  noise  signature  of  a helicopter  due  to  direct 
radiation  from  the  gear  casing  or  from  reradiation  of  the  structure  coupled  to  the 
gearbox. 

0 

Extensive  literature  exists  on  the  understanding,  description,  and  prediction  of  these 
sources.  Studies  range  from  simple  empirical  equations  snowing  the  relation  of  a 
few  gross  design  and  operating  parameters  to  the  resulting  noise  to  extensive  open 
form  solutions  requiring  detailed  design  information  which  can  be  applied  only  by 
means  of  a high  speed  computer.  The  state-of-the-art  In  source  noise  understanding 
and  prediction  has  by  no  means  progressed  to  the  point  where  all  aspects  of  the  pro- 
blems have  been  fully  developed.  However,  the  fundamental  noise  problems  are 
reasonably  well  understood  and  predictable  In  principle.  Application  of  these  theories 
to  the  design  or  rede  sign  of  helicopter  components  has  generally  resulted  in  noise  re- 
duction, although  a deeper  understanding  in  many  areas,  especially  those  related  to 
broadband  noise,  is  required  for  substantial  reductions  without  undue  performance 
and/or  weight  penalties. 

The  following  discussion  presents  a review  of  the  literature  on  the  historical  develop- 
ment of  noise  prediction  methodology,  summarizes  the  current  understanding  of  basic 
mechanisms,  and  presents  philosophy  aiid  results  for  the  reduction  of  helicopter  noise. 
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Kotor  Nome  ■ 

!’  ;l  >t;  n.>i~c  contains  discrete  frequency  cniiiaoncntx  and  broadband  components.  The 
:!;  ••  :•■-!<■  jc.irv  components  an-  rclcrrcd  to  as  rotational  noi.se  harmonics  and  occur 
a!  multij.ir.s  of  "the  bl.nlc  passage  f; equcncv . lln-.a  art;  caused  Ijy  the  rotating  pres- 
sor.- laid  caused  t«v  rh.  rotor  hlruv*  loadi.v/  *lu«-  to  the  thrust.  Also,  in  cases  where 
.nr-  r:n  ti-.r.  vttti;  ingested  turbulence  or  !«-twe<  n rotors  or  with  *ha  Up  vertices  occurs, 
a rotating  lluciuating  pressure  field  results  which  can  si. p-itieantly  increase  the  har- 
n.otite  V -n!<  nt  of  rotational  noise.  Cyclic  pitch  atul  forward  flight  ran  give  rise  to  a 
Made  loading  wtuch  varies  once  per  revolution.  Under  certain  conditions  <e.g  , if 
the  f-irw  ir.l  speed  is  suc  h that  the  tip  M:*rh  number  of  tla  advanc  ing  blade  exceeds 
»nme  i ritieal  valuei,  tins  can  give  rise  to  impulsive  n-fi-e,  characterized  by  highly 
ana..-,  mg  ‘banging"  sounds.  The  impulsive  noise  is  characterized  by  sharp  peaks  In 
the  acoustic  pressure  time  Malory.  Kand./».  noise  ft  rim-rlc  v/as  caded  ’Vortex" 
noise,  but  investigators  now  prefer  "bioadband"  noise,  since  vortex  shedding  Itself 
is  not  iH'lluved  to  t>o  the  principal  mechanism. 

H -’.atiod.d  Noise  - Pi  ,»r  to  the  Hide's,  Gutln's*  n.  .-thixl  was  used  extensively  for  pre- 
dicting the  noise  from  pripellers,  fans,  and  refers.  In  this  theory,  a distribution  of 
.sources  whii  h are  fixed  in  space  are  "triggered"  by  the  passing  blades.  The  strength 
of  the  sources  is  determined  by  the  rotor  thrust  and  torque  assumed  to  act  at  an 
elfettive  radius,  tvpically  at  0.  n times  the  actual  radius.  This  analysis  is  valid  for 
a static  propeller  and  at  distance  several  diameters  away  (far-field  noise).  Hubbard 
and  Itegier-  refined  Gulin's  fundamental  equations  without  some  of  the  simplifying 
a.-.sumptionr  of  the  original  paper.  This  removed  Gutin's  restriction  for  fur-field 
noise  and  allowed  calculations  of  noise  in  the  near-field  to  distances  within  one  blade 
chord  of  the  tip.  Also,  tlx*  actual  radial  blade  load  distribution  could  be  utilized. 
Garrick  and  Watkins'*  extended  Gu tin's  theory  to  th ; ease  of  a propeller  with  forward 
speed  for  an  observer  moving  with  the  san.j  vciocHy  as  the  sr—'"e  (I.e. , a wind  ♦unrud 
test).  The  results  could  also  be  applied  to  the  case  of  a stationary  observer,  providing 
that  the  correct  instantaneous  distances  were  used  and  the  frecfuencies  corrected  for 
Happier  shift.  Finally,  Watkins  and  Hurling*  combined  those  effects  and  Included 
effects  of  a chordwiae  blade  loading.  However,  these  methods,  which  all  assume  that  • 
the  blade  loading  is  constant  with  time,  were  found  to  severely  underpredict  the  levels 
of  the  harmonics  beyond  the  second  or  third. 

lhe  realization  that  unsteady  blade  loading  (i.e.,  a blade  loading  distribution  which 
varied  with  time)  could  contribute  signiiic  mUv  to  the  noise  generated  by  a rotor 
prompted  an  extension  of  Gulin's  approach  and  the  development  of  new  formulations 
for  the  noise  produced  by  moving  sources'*  and  unsteady  blade  loading  effects4*-*®. 

The  approach  of  Loewv  and  Sutton*®  is  a similar  approach  to  that  taken  by  Garrick 
and  Watkins3,  but  extended  to  include  in-plane  components  of  forward  speed  and 
azimuthal  asymmetry.  In  this  approach  the  sound  pressure  is  computed  at  any  Held 
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point  bv  a numerical  integration  which  utilizes,  among  other  inputs,  the  lift  per  unit 
span  as  a function  c : radius  and  azimuth.  In  this  manner  any  radisi  loading  function 
and  any  perie'e  waveform  of  the  blade  loading  at  a given  radial  station  can  be  input 
by  judicious  ..  Action  of  radial  and  azimuthal  steps  of  integration.  This  approach, 
while  having  *«t  xib'Mty,  can  become  expensive  due  to  the  large  number  of  calculations 
required  in  .he  numerical  integration,  particularly  when  using  small  steps,  as  is 
required  for  calculation  of  the  higher  rotational  noise  harmonics. 

Schlegel,  et  il6  used  a similar  approach.  They  used  the  blade  loading  harmonics 
which  were  measured  on  an  actual  helicopter  rotor  as  inputs  to  a modified  form  of 
Gutin's  theory.  They  conclude  that  the  agreement  between  measured  and  predicted 
noise,  as  reproduced  in  Figure  1,  is  good  at  low  frequency,  but  poor  at  high  frequency, 
probably  because  of  inadequate  definition  of  high  frequency  harmonic  airloads.  - 


ROTATIONAL  NOISE  HARMONIC 

FIGURE  1.  COMPARISON  OF  MEASURED  AND  CALCULATED  LEVELS 
WITH  AND  WITHOUT  UNSTEADY  BLADE  LOADING  FOR  A 
HOVER  CONDITION 

In  both  of  these  approaches,  the  harmonic  blade  loading  must  be  input  for  the  calcu- 
lation. Such  open-form  calculations  have  two  Important  limitations.  First,  the  re- 
quired airloads  are  extremely  difficult  to  predict;  and  second,  the  computations  are 
extensive  and  often  expensive  to  perform  due  to  the  digital  computer  time  required. 
Lowson  and  Ollerhead?  overcame  these  difficulties  by  developing  a simplified 
rotational  noise  analysis  which  uses  generalized  loading  data  instead  of  the  detailed 
amplitude  and  phase  information  required  by  previous  analyses.  This  simplified 
closed  form  method  was  shown  to  perform  at  least  sa  well  as  the  rather  cumbersome, 
open-form  solutions  in  many  cases,  as  indicated  in  Figure  2. 
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a..  - .»j  [ii'iiiu-.v'  i.‘;  wi.iilar  i>>  Local  a:sil  S'lUi.n’h,  esc upt  that  cert air*  assumptivOs 

a u .:ia^  u.i:  radial  loading  distribution.  Neglecting  higher  order  terms 
:•  : : ir-iji-l.i  approximations,  IV 'right's  furtrululton  reduces  to  an  analytical  expression 
•.vf.ii  ti  j*,c-s  not  require  min;crii\.l  integration.  Hi::  significant  conclusions  are  that  the 
:•  fi’i-.n.ii  noise  is  tin-  dominant  rotor  Home  mechanism  ami  vortex  noise  is  a negli- 
gible nui-.e  source  at  normal  operating  conditions.  Also,  the  harmonic  fall-off  will 
; .•  t<: nv. Ira  d l .isicallv  by  the  lilad.-  loading  spectra,  there  will  be  noise  radiation 

..long  me  axis  of  rotation  (i>i  c ontrast  with  steady  loading  radiation  results  which  would 
.a  im  ii-jiSe  on  axis),  and  the  tip  speed  eiu-ct  is  independent  of  the  number  of  blades, 
*!a**v!oi ••  removing  the  large  power  law  dependee.ee' on  blade  nuiulicr  indicated  by 
i.„nn. 


0 1 ? j 4 

HARMONIC  NUMBER  . 

FIGURE  i,  COMPARISON  OF  STEADY  LOADING,  OPEN  FORM,  AND  CLOSED 
FORM  THEORIES  WITH  MEASUREMENTS  FOR  A HOVER  CASE 

There  are  situations  for  whic  h closed-form  methods  are  not  well  suited.  Basically, 
the  methods  .ire  inadequate  when  large  airload  changes  occur  over  a small  portion  of 
the  rotor  di  .<•.  This  loading  behavior  produces  highly  directional  harmonic  noiuc  and 
i . commonly  observed  us  impulsive  noise  (or  "blade  slap")  cm  most  tandem  rotor  heli- 
copters and  iirinv  single  rotor  helicopters.  Since  the  closed-farm  solutions  assume  that 
the  airload  harmonics  an.  randomly  phased  and  that  their  amplitudesdecrua.se  expo- 
nentially with  harmonic  order,  the  noise  is  predicted  to  be  constant  azimuthaiiy  during 
hover  and  symmetrical  a/.imuthally  during  forward  flight.  Impulsive  noise  Is  discussed 
in  a later  section  of  this  report. 


X mi  ASiairn  data 

Q CUTIK  (3T,  AOV  LOADING) 

O SCHIUCL  (OPEN  FARM! 

& I OWStJN  A nt  I CM  ME  AD 
icuisrn  foiimi 


ID 


Much  recent  acoustic  research  work  has  returned  to  experimental  rather  than  analyt- 
ical studies,  References  11  through  1-1  are  examples  of  noise  measurement  studies 
intended  for  verification  of  existing  noise  prediction  analyses  as  well  as  for  studies 
of  noise  generating  mechanisms.  Reference  11  essentially  verified  and  slightly  re- 
fined l.owson  and  < >llcr head's  simplifying  assumptions.  Reference  12  demonstrated 
the  accuracy  of  Wright's  theoretical  approach  using  measured  airload  amplitude  and 
phase  data,  whereas  Reference  13  is  oriented  towards  establishing  a base  for  develop- 
ing empirical  formulae  for  rotational  noise  at  a future  date.  Reference  14  demon- 
strates good  correlation  on-axis  with  Reference  7 and  provides  a preliminary  aero- 
acoustic  transfer  function  for  rotational  noise.  If  generalized  aerodynamic  inflow 
data  are  ever  developed,  the  transfer  function  approach  could  become  a useful  new 
prediction  tool. 

Existing  prediction  methods  for  non-impulslw  relational  noise  predict  some  decay  of 
harmonic  level  with  increasing  order.  This  behavior  is  predicted  by  open-form, 
numerical  integration  of  distributed  loads  methods  as  well  as  by  the  simplified,  poi.it 
load  methods.  However,  improvements  in  data  analysis  have  shown  that  blade  passing 
harmonics  may  extend  into  the  mid-frequency  range,  as  shown  in  Figure  3 (from 
Reference  7),  and  that  levels  frequently  increase  with  harmonic  order  after  an  initial 
decrease  for  the  first  few  harmonics.  Consequently,  agreement  between  predicted 
and  measured  harmonic  levels  deteriorates  with  increasing  frequency. 
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FREQUENCY- HZ 

FIGURE  3.  TWO-HZ  BANDWIDTH  ANALYSIS  OF  UH-1B  NOISE  SPECTRUM 


Some  preliminary  studies  by  Sikorsky  Aircraft15  have  shown  significant  correlation 
improvement  by  adding  vortex-induced  unsteady  airloads  to  the  airloads  defined  by 
Low  son's  "loading  law"  decay  approximation.  The  unsteady  vortex  effects  are  based 
on  wind  tunnel  data  measured  with  hot  wire  anemometers.  Figure  4 illustrates  that 
the  unsteady  vortex  effects  enable  a closed-form  analysis  to  predict  the  basic  noise 
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i im  »i  fallowed  by  uu  iv.isc  and  linal  decrease.  ll  is  believed  that 
. • ! .:  < >:  i . umia  lor  un:>tr:n!\  v urlcx  elicets  could  U:  developed  with 
• : iiU.-u  it  .si : i- >i I arrtiMiis  and  Up  cnnfigu rations,  coupled  with  noise 


i.  uti.n  i:  , it  appear.-,  lr**m  a review  ol  the  literature  tlu»*  the  existing  noise  method- 
: ■ -:»»*■  >«al  ».>>•••  is  adequate  for  good  prediction  of  helicopter  rotor 

.iv.  \er,  ti  limit  at  inn  :ipp<  ars  to  l»*  in  the  aerodv  namic  blade  loading  inputs 
m vine  it  . II, e m.i  ,e  methods.  As  Sehlegel,  et  at1*,  concluded  from  their 
i . -a'  im  rt  i-n  calculation  and  measurements  was  obtained  at  low 

r>  v wi.t  1 1 tie-  aero  'v  n.itnie  input  data  were  adequate,  but  poor  agreement  was 

,t  t j*.  «i,:»  nev  he  the  lack  in  aoi.lvenmic  lata.  The  situation  is  further 
•.  i at.  > to  i . pr  —••Min.*  the  . ..lire  dynamic  th»w  field  around  a rotor  during  all 
c.  .t  : iic.j.tei’  ..p.  riiiitn,  pru  iii  ularlv  i;:  tin;  casiM.f  taii  kin  rotors  which  Lnter- 

i ct  i ii.  u case  ot  tail  mini  s which  are  m the  main  rotor  dow awash. 


FIGURE  a.  CALCULATED  EFFECT  OF  VORTEX  INDUCED 
UNSTEADY  AIRLOADS 
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Broadband  Noise  - Opinions  regarding  the  origins  and  behavior  of  broadband  noise 
van  somewhat  among  investigators,  but  there  is  general  agreement  that  turbulence 
in  the  flow  seen  by  rotor  blades  is  the  basic  physical  mechanism  responsible  for 
broadband  noise.  Turbulence  in  the  boundary  layer  also  causes  noise,  but  at  a negli- 
gibly small  amplitude  compared  to  blade  interaction  with  incoming  turbulence.  The 
frequency  distribution  of  the  broadband  noise  is  determined  by  the  velocity  of  the  blade 
and  by  the  size  scale  of  the  turbulence14.  Principal  areas  of  uncertainty  concern  the 
effects  of  velocity  on  the  intensity  and  frequency  distribution  of  broadband  noise.  Re- 
cent experimental  work  by  Leverton  and  Pollard1**  fails  to  show  the  accepted  Strouhal 
frequency  scaling  with  velocity  for  full  scale  rotors.  Ffowcs -Williams  and  Hawkings17 
make  a convincing  case  for  broadband  noise  varying  with  velocity  as  V®  at  tip  Mach 
numbers  above  0.  5,  instead  of  the  V**  dependence  in  common  use  as  reported  by 
Widnalllh. 


Much  of  the  recent  impetus  to  study  broadband  noise  comes  from  improved  data  pro- 
cessing techniques  and  equipment.  Narrow  band  analyses  of  rotor  noise  have  shown 
discrete  frequency  components  extending  well  beyond  150  Hz,  which  historically  was 
believed  to  be  the  transition  region  between  rotatior..l  noise  and  broadband  noise  for 
typical  helicopter  rotors.  This  means  that  significant  rotational  noise  contributions 
are  included  in  the  observed  noise  behavior  and  in  the  broadband  noise  prediction 
methods  that  have  been  developed  from  experimental  observations  such  as  the  well 
known  Widnall1**  correlation  of  Figure  5.  Work  by  Lowson,et  al14,  and  by  Leverton 
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FIGURE  5.  WHIRL  TOWER  AND  HELICOPTER  VORTEX  NOISE. 
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i 1 ’■  -1 1 cn.pinsi/o- iii.ii  low  l nquciicv  broadband  noise  could  Ijc  dilfereni  in 

i ■_  !..i!  ii,  h.e.e  :it  causative  ph,  sicui  mechanisms  and  acoustic  behavior) 

" I.  iii  * : c ,*.n*iii**.  • ••.sa'lti.iMi!  not:  «•. 


I i.rihcrmore,  th<-  ippan-nt  ajivcinmi  nl  pn-ilii. toil  broadband  levels  and  spectrum 
'!.  ijit-  ouseit  on  ’uior  .'.conn  tr\  ami  ojicrariii^  lon.litusns  is  misleading.  Thu  sc  pre- 
•:  .a  I.-.  :iav  . iv«-  i .asonal.K*  estimates  of  ot  tavc  band  or  possibly  1/3  octave 

i lev. -is  tor  tv  pc  :!  rotors,  but  I la*  sc  me  thuds  ilo  not  real!',  model  the  detailed 
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l>r‘ tbit  coni  n but  i to  the  total  signal.  Consequently,  it  is  not  pre- 

s*:;i.lc.!u  pro'.  i.:<*  a •h-tail.-il  na r row  band  estimate*  oi  rotor  noise  based  on 
geometric  and  .u*r*"d\  namic  properties  of  a rotor  s*.stem.  Extensive  expert— 
n I .nalvtical  work  still  m cds  to  be  done  to  isolate  ttie  specific  mechanisms 
ii.ce  broadband  rotor  noise  ai.d  to  develop  use! til  pie  h.  :ion  models. 


1 1.*-  |iivi*odii.  * discus indicates  that  detailed  prediction  methods  are  not  available 
prcsentl*. . I.owson,  < t all  ’,  found  encouraging  correlations  using  measured  inflow 
turbulence  m acoustic  equations  to  predict  broadband  fan  noise  at  low  speeds,  out 
nd  is  a 'it  a method  suitable  tor  helicopter  predictions.  Methods,  in  general,  have 
iclicd  on  octave  band  noise  data  from  lull  .-a  ale  ro*ors  to  develop  empirical  methods, 
in  these  methods,  such  as  the  "Schlejjel"  c<|uations  lor  broadband  noise6  gross  geometry 
'ii>!  operating  condition  ibl.nle  chord,  blade  area,  tip  speed,  and  rotor  thrust)  are  the 
! :iaic  parameters.  The  lorm  of  these  equations  was  modified  somewhat  by  Munch4® 
to  obtain  the  form  l**low: 
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I."1"  Jl  1 nogemeiit  is  easier  to  use  since  it  uses  the  bask*  parameters  of  tip  speed,  Vt, 
t-.iusi,  I,  distance,  r’,  blade  area,  H,  blade  radius,  H,  blade  chord,  c,  elevation 

</,  and  > p.*  it  rum  sha**-  correction,  Sj.  Values  of  Sj  for  the  j th  frequency  band 
UM-:  by  Munch  are  shown  in  'Figure  ii.  The  term,  fs,  is  the  center  frequency  in  11/ 

I n u;.*  with  Figure  li.  This  method  provides  estimates  of  octave  band  levels  In  fairly 
** greement  with  oc  tave  band  test  data,  but  *.01111*  rotational  n «se  contriliutlons  are 
im  lull’d  in  this  broadband  noise"  as  discussed  previously. 


BAND  CENTER  FREQUENCY  RE  PEAK  FREQUENCY,  F„ 

S 

FIGURE  6.  ROTOR  BROADBAND  NOISE  SPECTRUM  SHAPE 

Empirical  broadband  noise  methods  tend  to  be  most  accurate  for  a moderate  thrust 
condition  which  typically  is  near  the  design  point  for  a given  rotor.  Predicted  over- 
all broadband  levels  normally  fall  within  t 3 dB  of  measured  levels.  Accuracy  de- 
creases rapidly,  however,  at  low  thrust  and  at  high  thrust.  Problems  are  compounded 
by  blade  twist,  which  leads  to  recirculation  through  stationary  rotors  (i.  e. , when  the 
blade  wakes  are  reingested  by  the  rotor)  with  attendant  noise  increases  during  opera- 
tion at  low  blade  pitch.  At  high  thrust,  blade  stall  and  complex  unsteady  aerodynamic 
events  in  the  tip  region  of  the  blades  contribute  to  rapid  increases  in  noise.  Figure 
5 illustrates  the  noise  behavior  discussed  above. 

Impulsive  Noise  - Impulsive  rotor  noise  generally  is  considered  to  be  a form  of 
rotational  noise.  Narrow  band  analysis  reveals  many  harmonics  of  noise  that  decay 
slowly  with  harmonic  order,  while  oscillograms  of  the  acoustic  pressure  characterize 
the  noise  as  an  impulse  that  occurs  at  the  blade  passage  frequency  of  the  rotor.  Heli- 
copters with  tandem,  overlapping  rotors  are  prone  to  generate  impulsive  noise,  but 
helicopters  with  3ingle  lifting  rotors  also  can  generate  it. 

Two  basic  mechanisms  are  believed  to  be  responsible  for  Impulsive  rotor  noise.  In- 
teractions between  tip  vortex  filaments  and  rotor  blades  are  one  major  cause.  Com- 
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It  . na.i.ie  cllc*  is  are  tin-  other  major  cause.  These  two  mechanisms  are 

. : *.  cmUi  i:  as  St*Tiifel.l,  et  al^,  demonstrate  with  their 

> \-i:i*M.e.i  i:  n l.  h.rm.iti  m <»n  blades  ->f  a hovering,  rotor.  Of  the  two 

i -a.:.:  r. .,  blade  \-*rte\  tiii.-r  -.-i  tion  has  received  the  most  attention.  IU.-fercnces 
: i ii"  -smith  s ni  numerous  experiments  on  static-  rotor  test  .-.tar.' Is, 

•a  :!i  t.t  .ei.'i  b\-,  and  tn  wind  tunnels  that  have  demonstrated  the  important  role  that 
i-!  V : -\  inter -eciinti/  pie.-  m impulsive  n u e generation.  Analytical  models  of 
!!  .:•■  •-  s ::.:--r- • - tion.-,  have  heeii  devel-tpeii  ilteferenees  21,  2^,  2 Ii  which  appear 
-•-!«•  <!  pee  h-  ting  w.ivelorm-  tt.at  agree  •lualilativelv  with  measured  waveforms. 

Refer*  in  • .lows  j..irtu\.!arlv  good  agreement  tor  a on.  -Itheled  rotor  operating  in 
i vvir.-l  • -ii.-!.  The  Im-.gest  problem  lies  in  estimating  the  magnitude  of  the  encounter 
vvtlh  :•  r-.d-iiti-  vortex  tilament.  Tip  vortex  filaments  follow  complex  trajectories, 
which  m iia-<  t he  relative  location  and  orientation  ot  the  hlade  and  vortex  verv  diifi- 
.■ult  to  -pt-citv . In  addition,  tin-  disirih.it ion  ol  vorte  x cores  velocity  and  the  elecav  of 
the  v <»rte\  witti  time  is  diffieull  to  asse  ss  cxpcrimcntullv  as  well  as  analytically.  A 
lurthi-r  complication  to  the  acoustic  prediction  problem  is  the  operating  point  of  the 
airtoil  .end  its  ae-i-oi!v  n.imie  response  characteristics,  as  pointed  nrt  in  Reference  11. 

Impulsive  noise  iron'.  tandem  rotor  helicopters  involves  many  fat  tors.  Typically,  3 
view  look.:,:  down  on  the1  vehicle  hows  some  degree  eif  overlapping  of  the  rotor  discs. 

This  o'. e*rl.tp  cause  s impulsive  noise  from  two  mechanisms.  The  major  one  is  blade- 
vortex  ini.-rai  tion,  where  the  tip  vortices  from  one  rotor  pass  through  the  other  rotor. 

The  interaction  e\tn  occur  on  either  the  forward  rotor  or  the  aft  rotor,  depending  on 
reiativ*;  trim  .n  tin'  rotors  and  on  the  Might  condition.  Thu  second  cause  of  impulsive 
i.oi-'.'  ire  tandem  rotoi  s with  ove  rlap  is  called  rotor/downwash  interaction.  Thu  down- 
wash  of  one  rotor  passes  thiough  the  other  rotor  In  the  overlap  region,  causing  a 
pulsative  one  e-jM  r-revolulion  c hange-  in  loading  on  the  rctor  blades.  This  loading 
gives  rise  to  impulsive  noise.  Hoeing  Verted  Company  has  conducted  numerous  studies 
of  noise  generation  and  noise  reduction  for  tandem  helicopters  that  established  the  im- 
portance of  rotor/vortex  interaction  and  rotor/downwash  interaction.  Substantive  data 
generally  are  proprietary,  to  the  Verted  Company,  but  somratuuntitative  trends  alre  pre- 
sented in  Reference  21,  which  documents  a study  of  civil  helicopter  noise.  This  study 
concludes  that  fhe  only  wav  to  eliminate  impulsive  noise  from  rotor-rotor  interference 
is  to  eliminate  overlap  and  to  control  the  vertical  separation  of  the  two  rotors.  Figure 
7 is  taken  from  Reference  2"»  to  illustrate  how  separating  the  rotors  influences  noise. 

1' he  ability  *o  predict  noise  from  tandem  rotor  helicopters  with  overlap  is  not  well 
establish*  d in  open  literature,  although  proprietary  methodology  may  exist  in  some 
companies.  In  principle,  if  data  are  available  fre.m  test  or  analysis  to  relate  vortex 
i ate  net  ioh  strength  and  ifovvnwasli  <ltect  to  a configuration,  analytical  models  exist 
to  estimate  the  noise  waveform  caused  by  pulsative  changes  in  airloading  on  the  rotor 
blades. 

Impulsive  noise  that  occurs  during  high  speed  cruise  of  single  rotor  helicopters  is 
believed  to  lie  caused  by  compressible  drag  rise  on  the  advancing  rotor  blades.  The 
rotor  noise  of  a large  single  rotor  helicopter  (Sikorsky  S-M5)  was  studied  in  Reference  23 
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FIGURE  7.  EFFECT  OF  BLADE-VORTEX  SEPARATION  ON 
IMPULSIVE  ROTOR  NOISE 

during  a program  of  simultaneous  noise  and  rotor  load  measurements.  Results  show 
that  during  high  speed  cruise,  unsteady  airloads  alone  are  not  enough  to  predict  rotor 
rotational  noise  in  front  of  the  helicopter.  Arndt  and  Borgman26  present  a model  for 
drag  rise  harmonic  noise  based  on  profile  drag  on  the  blades.  Profile  drag  la  shown 
to  be  a significant  source  of  harmonic  noise  at  high  forward  speeds,  a source  that 
would  not  be  reflected  in  airloads  from  aerodynamic  pressures  measured  on  the  sur- 
face of  the  rotor  blades.  Lyon,  et  al27,  approach  the  problem  differently  by  tailoring 
the  thickness  distribution  in  the  tip  region  to  reduce  noise  near  Mach  1.0.  Results 
from  both  approaches  are  similar,  Bince  reducing  blade  thickness -reduces  noise  (and 
drag)  and  reducing  drag  reduces  noise.  In  practice,  Arndt  and  Corgman's  approach 
is  fairly  straightforward  to  apply  if  airfoil  lift-drag  characteristics  are  available. 
Available  results  from  unpublished  Sikorsky  studies  show  fairly  good  agreement  with 
measured  data  (Figure  8)  when  noise  from  compressible  drag  rise  is  added  to  noise 
from  fluctuating  airloads. 
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Drag  near  the  tip  of  a helicopter  rotor  blade  during  high  speed  cruise  is  difficult  to 
calculate  accurately.  Torsional  blade  bending  modes  combine  with  flatwise  and  edge- 
wise bending  and  with  rigid  body  flap  and  lead-lag  motions  to  influence  local  angie-of- 
attack,  drag,  and  noise.  Obviously,  unsteady  aerodynamic  response  characteristics 
of  the  airfoil  also  influence  the  drag  and  noise.  Consequently,  it  is  important  to 
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ROTATIONAL.  NOISE  HARMONIC 

FIGURE  3.  CALCULATED  AND  MEASURED  EFFECT  OF 
DRAG  RISE  NOISE  AT  130  KTS  CRUISE 

1 , . ih,,;  jhjjs  drag  n.ic  iiui.M*  model  is  not  necessarily  an  accurate  representation 

tlv  detailed  aeroscousiio  proeesses  occurring  .luring  high  speed  cruise.  The  simple 
in.nlft  improve  agm  met  betwv.  n.estimated  and  measured  noise  and  is  useful 

lor  that  reason.  More  confident <■  needs  10  Ik*  developed  in  the  ability  of  either  Arndt 
•mu  llorgman’s  method  or  I.von's  method  to  predict  hi«h  speed  impulsive  noise  levels. 

, 1,  -ht  tests  or  wind  tunnel  simulations  are  needed  to  establish  this  confidence  and  to 
:,dace  a refined  prediction  method.  It  is  eoneehable  that  more  sophisticated  experi- 
j,  . - ,1  -tudie.s  will  find  that  exiting  models  have  produced.reasonable  estimates  of  the 
- a aeousiii  properties  without  correctly  modeling  the  actual  noise  generating  pro- 
"4  n aituaiion  similar  to  the  ease  of  broadband  rotor  noise).  Detailed  estimates 
.1  high  speed  impulsive  noi  l*  mav  then  require  an  entirely  new  analytical  approach. 

Engine  Noise 

•ii, roMu>  tion  - Generali*.  * helicopters  are  powered  by  interna!  combustion  ezines  which 
movide  power  to  the  main  rot:,,"  .!,  l:nl  r«»or(s)t’  and  arcessories  through  vario  ia 
of  shafting  and  gearb-x.-::.  Although  early  helicopters  utilized  rec  iprocating 
engines,  most  current  designs  are  powered  bv  turboshatt  engines.  Therefore,  the  uts- 
cussion  of  engine  noise  sources  in  this  report  has  been  limited  to  turboshaft  engines. 


Turbine  engine  noise  sources  fall  into  two  general  categories:  those  originating  out- 
side the  engine  and  those  contained  within  the  engine.  The  first  category  includes  jet 
noise,  while  the  second  category  includes  combustion  noise,  turbine  noise,  strut  noise 
(turbulent  flow  interaction),  and  compressor  noise. 

Jet  Noise  - .Jet  noise  originates  from  the  momentum  exchange  between  the  higher 
relative  velocity  of  the  exhaust  gases  and  the  ambient  air.  This  momentum  exchange 
gives  rise  to  turbulent  shear  stresses  which  in  turn  produce  pressure  fluctuations  and 
a radiated  sound  field.  Thus,  jet  noise  is  generated  entirety  downstream  of  the  engine 
exhaust  duct.  Lighthill's  equation1*2  is  generally  recognized  as  a valid  mathematical 
description  ot  the  phenomenon  of  jet  noise.  In  Lighthill's  equation  the  far-field  sound 
intensity  of  jet  noise  is  shown  to  be  proportional  to  the  relative  jet  velocity  raised  to 
the  eighth  power  and  a characteristic  dimension  (usually  the  exhaust  duct  diameter) 
squared.  As  is  indicated  in  Lighthill's  equation,  the  jet  noise  is  a strong  function  of 
the  jet  velocity.  In  typical  helicopter  application,  the  engine  exhaust  duct  velocities 
at  the  exit  are  relatively  low,  since  exhaust  diffusers  are  used  for  maximum  power 
extraction  from  the  engine.  Generally,  exhaust  velocities  from  helicopter  engine  tail- 
pipes are  less  than  300  ft.  / sec.  At  such  low  velocity,  the  Jet  noise  levels  are  very 
low  and  will  not  contribute  to  the  overall  engine  noise  until  the  other  sources  are  ex- 
tensively attenuated. 

Combustion  Noise  - In  turboshaft  engines  for  helicopter  applications,  the  combustion 
noise  is  the  dominant  source.  This  source  of  noise  has  been  "discovered"  fairly 
recently  and  was  in  the  past  associated  with  jet  noise  by  investigators  who  found  a 
deviation  from  the  classical  eighth  power  velocity  dependence  of  jet  noise  (Lighthill's 
theory)  for  jet  velocities  below  1000  ft.  /sec.  Bushell3,  in  1971,  presented  evidence 
that  the  low  frequency  noise  which  was  unmasked  at  low  engine  exhaust  velocities  was 
associated  with  turbulence,  internal  struts,  and  flow  through  the  combustors.  It  is  not 
surprising  that  this  source  of  noise  has  not  gained  prominence  until  recently,  as  it 
generally  appears  as  low  frequency  broadband  noise  peaking  in  the  vicinity  of. 400  Hz 
and  is  thus  frequently  confused  with  jet  noise. 

Combustion  noise  is  produced  by  the  unsteady  combustion  process  in  turbine  engines. 

Because  the  combustor  airflow  is  highly  turbulent  and  the  fuel  injection  system  intro- 
duces variability  in  droplet  size,  the  combustion  process  is,  therefore,  unsteady  with 
time  with  varying  heat  release  which  in  turn  produces  pressure  fluctuations  within  the 
combustion  chambers  of  the  engine.  These  pressure  fluctuations  propagate  down- 
stream and  give  rise  to  a sound  field. 

Ho  and  Tedrlck4  have  concluded  from  extensive  analysis  of  noise  measurements  made 
on  small  turboshaft  engines  that  the  combustion  noise  is  the  most  significant  source 
for  these  small  engines.  A simplified  procedure  for  predicting  gas  turbine  exhaust 
noise  related  the  overall  sound  power  level  to  a noise  factor  based  on  the  combustor  : 

inlet  temperature,  the  combustor  discharge  velocity,  and  the  effective  diameter  of  the  | 

combustor.  They  Identify  combustion  noise  with  a low  frequency  hump,  characteristi- 
cally at  125  Hz.  | 
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L.  ,.i  . xtcnsiun  it  tins  w.uk  *•";  they  attempted  to  derive  < modified  noire  fr.ctor  by 
.iitr.rnsional  .mali^b  b.  adding  dependence  on  tu.l-to-air  ratio,  combustor  exit  pres- 
sure, ,uvl  ( u>.bust»r  t-Kit  tvrs.p-T.ituiv  to  their  original  relationship. 

Motsirtger*'.  »>.rhi:)g  with  .bln  1 1 • >:n  a Tl  -TJ  combustor  and  T-'.-l  cr.gir.c  data,  baa 
uf!t  r -l  a similar  relation  to  H,»  ,«nd  Tvdnch’s  without  a fuel  mixture  term,  hut  wtth  a 
■:  I low  depelidetlee.  • 

A si  via  vaiiatioo  ut  *l>»t  singer's  equation  is  offered  by  Neitzcl7,  In  vhich  the  pressure 
r.iii  i is  raisi  d tin-  l.  :$  power  inrteau  of  the  1.  o power  and  the  con.bustor  inlet -tern- 
pirn'.uiv-to-nir.bii  nt -temperature  ratio  dependence  is  dropped. 

> ther  invest  jgalot  s'*  10  present  other  forms  of  varying  ComelexKy  for  the  prediction 

t cotuhnstioit  rrl.iYd  noi-s*.  I’hrsc  seem  to  have  in  common,  however,  that  the  impor- 
tant parameters  are  the  an-  flow  rate,  combustor  exit  temperature,  and  combustor 
exit  pressure. 

The  above  cited  procedures  all  relate  the  overall  sound,  power  level  to  the  combustion 
process.  A procedure  does  not  appear  to  exist  for  computing  the  combustion  noise 
lirectivitv  pattern  or  spectrum  shape.  In  the  recently  published  report  describing  to 
interim  prediction  method  for  low  frequency  core  eng*ne  noise  to  be  used  by  the  NASA 
Aircraft  Noise  Prediction  ol lice,  Huff,  i t al11,  suggested  using  Denn  and  Peart's10 
directivity  curve  based  on  measured  directivities  from  several  engines.  Also,  they 
agree  with  Dunn  and  Peart's  justification  for  adopting  the  SAE1-  spectrum  for  In- 
flight jet  noise  on  the  basis  that  jet  noise  and  low  frequency  tore  noise  are  difficult  to 
separate. 

However,  Ka/.in,  et  al13,  from  analysis  of  engine  data,  have  concluded  that  the  direc- 
tivity pattern  of  combustion  noise  depends  on  the  engine  exit  geometry.  Their  dafa 
does  not  show  as  steep  a reduction  in  the  forward  quadrant  as  dees  Dunn  and  Peart’a, 
although  Ixith  place  the  peak  at  or. near  RIO  degrees  from  the  Inlet.  The  Kazin,  et  al, 
•Jat.«  appear  to  no  more  consistent  with  Strahle’s  work1',  who  concludes  that  the  low 
trequeney  combusticn  noise  should  have  only  weak  directionality. 

Finally,  Katin,  et  al,  and  Picket1'1  conclude  that  the  combustion  noise  spectrum  shape 
will  -closely  follow  the  tuibutcncc  spectrum  at  the  entrance  to  the  combustor.  Kazin* a 
data  reveal  a broad  peak  centered  about  300  to  <100  Hz,  which  is  consistent  with 
Mathews  and  IYTaechio1*’,  and  certainly  more  intuitively  satlufying  than  arbitrarily 
assigning  it  a jet  noise  spectrum. 

In  summary,  it  appears  that  combustion  noise  processes  arc  not  as  yet  folly  understood 
an<l  the  noise  prediction  methodology  Is  not  fully  developed.  However,  several  semi- 
empirical  procedures  have  Injun  developed  which  give  reasonably  good  agreement  with 
available  test  data.  In  particular,  the  procedure  presented  by  Kazin,  etal!3,  (similar 


in  part  to  that  recommended  bv  Huff,  et  al11)  seems  appropriate  for  current  noise  n 

estimates  due  to  its  relative  simplicity  and  good  accuracy.  J 

Turbine  Noise  - The  noise  mechanisms  for  turbine-generated  noise  are  similar  to  j 

those  for  compressor  no'se;  i.e. , fluctuating  blade  forces  due  to  rotor  stator  inter- 
action  and  turbulence  in  the  flow.  Turbine  noise  generally  occurs  at  a higher  frequency  ,j 

man  combustion  noise  and  includes  tones  and  pseudo-tones  as  well  as  broadband  noise.  ! 

The  fundamental  frequence  for  turbine  tones  is  generally  above  4000  Hz  due  to  the  high  j 

rotative  speeds  and  many  blades  of  the  turbine. 

There  is  considerable  broadening  of  the  "tones  ",  commonly  called  "hay stacking". 

This  phenomenon  has  been  found  to  depend  to  a large  degree  on  the  relative  axial  loca-  ; 

lion  of  coaxial  fan  duct  termination  in  turbofan  engines  (Dunn  and  Peart10  recommend 

that  the  turbine  tone  noise  level  predicted  for  the  •» TKD  engine  be  reduced  10  dB  for  • 

this  engine,  where  the  primary  and  fan  flows  mix  internally)  leading  to  the  conclusion 

that  this  cornpcnent  of  turbine  noise  is  strongly  influenced  by  propagation  through  the 

turbulent  exhaust  flow.  Also,  since  the  flow  leaving  the  combustor  is  highly  turbulent, 

random  pressure  fluctuations  give  rise  to  random  perturbations  of  the  vane  and  tur-  ! 

bine  blade  loadings.  In  the  ease  of  the  vanes,  this  phenomenon  will  produce  broadband 

noise,  whereas  for  the  turbine  blades  it  will  generate  narrow-band  random  nolBe  which 

appears  as  "have tacks"  at  "blade  passing  frequency  and  its  harmonics. 

Essentially,  no  analytical  formulations  for  turbine  noise  exist,  although  the  mechanisms 
are  believed  to  be  similar  to  those  for  compressors  and  thus  compressor  noise  method-  • 
ology  can  be  adapted  to  the  turbine  noise  case.  However,  there  have  been  several 
attempts  at  empirical  correlations  of  data  obtained  In  turbine  rigs  and  full-scale  en- 
gines. Early  attempts  by  Smith  and  Bushell17  related  the  peak  broadband  noise  level 
to  the  total  mass  flow  and  to  a local  speed  of  sound  and  blade  relative  velocity  cubed.  ;j 

A similar  relationship  is  given  for  the  tone  levels  with  the  addition  of  a stator-rotor  j: 

spacing  term,  although  large  scatter  in  the  data  detract  from  the  usefulness  of  the  re- 
lationship. 

Dunn  and  Peart10  present  a turbine  noise  estimating  procedure  which  is  similar  to  that 
of  Smith  and  Bushell.  They  show  somewhat  better  agreement  with  data,  primarily  by 
virtue  of  selecting  comparison  data  only  from  limited  turbofan  noise  measurements. 

Kazin,  et  al13,  have  attempted  to  derive  an  analytical  turbine  noise  prediction  method 

based  on  noise  generating  mechanisms  studies  for  fans  and  compressors.  Although  i 

the  procedure  is  claimed  to  accurately  predict  turbine  noise  levels,  it  is  of  limited 

value  for  general  use  due  to  the  detailed  design  and  operating  parameters  required  for 

its  use. 

' 

Since  it  has  been  demonstrated  that  the  noise  generated  by  turbines  is  related  primarily 
to  1)  a work  parameter;  2)  a velocity  parameter  and  3)  blade  row  axial  spacings,  the 
relationships  of  Dunn  and  Peart10  appear  adequate  for  rough  estimates  of  conventional 
engine  designs,  as  their  relation  includes  these  primary  variables. 
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..  : I.. 


C..:.  ;•  <i:  t - -a..die  j on  the  ori  of  » omprcssor  noise  existlH»l9»20. 

. . - — — . . - — 

; i..  . .i.:i  • the  pnn.ar.  noi.-e  mechani.- ins  are  rotor/stator  interaction 

.<iM  :...  ••.-ti-  ! turi- it*  .•»«••  rotor  interaction.  Also,  .-d  supersonic  tip  speeds,  compres- 
■i.r  ..  ns. r.  ••:!••••.!*.•  i or.. lunation  tone.-  ( it  multiples  .*i  shaft  frequenc.)  wnirh  may 
pro;*  t'"  .»u.;i»  t !.■*  • »i.,in<  *n.l  appeal  in  il.e  e-.i-aust  <|u:i>lrant  as  well  .is  in  the  inlet 


; !'• 


.Iia.tt.  la  g<  i.«  r.il,  ■•a..inf  eon.pre.s-.or  noise  is  1 1.«*  lowest  level  component.  Tones 
: • d !■.  Ii  e:i  irt",ui  iv.  ’.in  ! thus  ••asilv  nttenuau  <1. 


. ,«rl-.  eou.jjiv-.sor  i«»ire  anal.si-s  :i;>plit-il  projieller  steady  loading  noise  theory 
.«'u:i:i-l|.  Subsequent  anel*.  • In  t.o’.wm,  extended  ttutin's  llicor)  to  the  rase  of 
■our  is  in  anutiai  v :•><>! i >n-  which  introduces  accelcruTiofi  terms  to  the  basic  equa- 
>■  »n.  I.  >-.\  :>m’s  re.-ult..  wer<-  -ubsequ.-nil . eMeivled  by  hiir.  to  include  effects  of  un- 
.-'o.ur.  I.j.ide  Mails-1  i..iio  l.i  v'l.e-s  Iron;  upstream  stator  rows  and  turbulence  ingested 
ti.  t be  eonv.’V'sori,  Itei  i nt  d<•ve^opmenl:.1!^“,,  includo  addit;onal details,  such  as 
M iiaiii  vi.  i olade  and \ai.e  juajn.em,  and  other  eliei  is,  such  as  diffusion  through  the 
rotor  . .nd  .:p  flows. 

in  tenoral,  analvtiea!  pi«Vedu:«::  require  far  more  inputs  li.o.,  detailed  design  and 
operating  eharai  tcrktir.q  than  are  generally  available  to  the  casual  user,  and,  there- 
1 ■ -r* ■ , are  of  limbed  general  u.-a*. 

.Main  en:;iine:il  methods  Irive  bo  n developed.  These  reialt:  the  noise  to  several 
ii:ii>or:;i!:l  par  .meter  . ol  desk.n  and  operation  and  ran  range  from  simple  relationships, 
such  • Allen-1  which  requires  onlv  input  power  or  pressure  rise  and  discharge  flow, 
to  f ' -1\  sophisticated  relations  involving  many  parameters,  such  as  that  of  Smith  and 
Ho-  * which  includes  independent  equations  for  tone  and  broadband  components, 
rotoi  -stator  separations,  and  high  Mach  number,  .low  uifecta. 


•>*> 


ih-rZuipS  Otic  ->1  !iif  more  I'Oft-rilctr  unil/iiH’iil  i ;i  i . M |,>  .j  Halt  pie! 

ji,.u;-t10,  a hu  h mrh.d.n  a procedure  i .r  i-Gir.ijj.v-t: 

Thi.  procedure  ha;;  been  iouml  to  eorreiau-  well  with  turu-ian  -::;i 
.tpplicatile  to  the  of  an  engine.  compressor  bv  rcisi*k*.ri,:g  th< 
meters  only. 


bt  t'.ujt  .iti'! 

toi.-.v  noire*  a:;  Well. 

tU  -i-Cii  S ,.^‘.;Ur3  c-iitt; 

ii-  first  _La>;t  para- 


Kn..;i;ie  Noise-  Suppression 

introduction  - |tuvii,ally,  than-  art*  two  approaches  to  reducing  the  noise  irorn  turLir.e 
••agin  -s.  l lit  lir.it  approach  is  t<>  reduce  the  not  -;«•  at  the  source  hy  eh.i-,,...< . m design 
or  operating  psrainet-'r.;.  I'nfoi  tunatclv,  engine  deig  n technology  lam  e-..;lv«  d with- 
out rep.  :rd  to  noise  reduction  and,  therefore,  changes  in  engine  design  parameters 
for  reducing  the  noise  (,t  (*•> lav’s  enge.es  generally  results  in  some  loss  in  performance, 
either  as  increased  weight  and  size  nr  increased  fuel  consumption.  The  second  a»- 
proaeh  is  in  the  use  of  acoustically  treated  «:**cts  to  .c’.-nuate  the  generated  noise  bv  — 
viscous  dissipation.  This  second  aor  t>:jari:.iily  -"veisely  aif...  ti  engine  pcrfoi  - 
muncc  and  also  results  in  e.  r-  a.— d weight  due  to  tba  aoded  materials. 


iU-duction  of  Combust.  m Noire  - In  order  to  iraintai..  ‘he  same  power  output,  the  mas.*: 
flow  through  the  combustor  has  t«.  ■■  - drained.  Hreev.-r,  the  combustor  diameter 
can  be  increased  so  that  the-  combustor  discharge  velocity  ran  l>c  rmieced  to  mai  itain 
flow  rate.  It  is  for  this  reason  that  an  annular  combustor  is  quieter  than  a can-t/pe 
combustor  and  the  reverse  annulus  combustor  is  the  Jx?st  configurnt  on  from  an  acous- 
tical point  of  view5.  Strahl.-11  suggests  that  a drop  in  combustor  flow  turbulence 
intensity  would  c ause  off--.  the;  noise  reduction.  However,  actual  combustors  depend 
upon  a high  turbulence  level  tor  flame  stabilization  as  well  as  for  bu.  tier  performance 
optimization,  so  some  performance  penalty  would  lie  expected  with  reduced  noise. 


Moderate  reduction  of  engine  exhaust  noire  has  been  demonstrated  using  acoustic*  liners 
in  the  JT9D  engine*.  Conventional  treatment  concepts  were  utilized  and  required  large 
backing  depth  to  attenuate  the  low  frequency  noise  components.  This  results  in  signifi- 
cant weight  and  space  penalties.  Howes*'*  showed  substantial  reduction  in  engine  ex- 
liaust  noise  by  the  additioitof  a long  treated  tailpipe  which  redirected-! he  exhaust 
slightly  upward  away  from  listdHers  and  thus  a'.so  benefited  from  directionality  effec  ts. 
He*  docs  not,  however,  indicate  the  incurred  weight  and  performance  penalties. 

lU-duetion  of  Turbine  Noise  - Ily  examining  the  imiKirtant  pa  ram-,  tors  governing  tur- 
bine noise,  it  was  found  that  increasing  the  spacing  ixstween  tins  rotor  and  stator  si  ages 
is  tin*  most  attraiive  method  for  reduction  of  noise  at  the  source.  Although  this  dove 
increase  the  length  of  the  shaft,  the  associated  performance  loss  is  very  slight. 


Proper  selection  of  blade  and  v.me  counts  has  ltritn  demonstrated  to  reduce  the*  mdse 
from  turbofans  by  pushing  the  interaction  modes  Into  cut-off.  Thin  aspect  of  the  Tyler- 
Sofrin  theory’**  should  be  equally  applicable  to  turbines.  Another  consideration  is  the 


:u.*!  iii«-  : •>!'  iv:'-'  ini:.,;  dI  turbine  hluiVs  to  raise 

t ••) -a.t ih  ii-s  ni  tin-  i.»;ss  i...  )•)•)  II.:  i.*  (.•  :.>*tit  irom  reduced  ann.-viaue 

.-•!  . : if.  a.  :■  i i.)  i :.  r if;  ...eLi-ri.-  -nuati.-n.  fio-xvver,  fon.-.tik-ra- 

■.ii'h  *••  ;;-.t  » ■ «•  m iir:;.1  tl.  ..^n  tl.i-  turbine. -:tuge  which 

perlptn. a:*.!*.*. 


'n-'.  .;:.  it!.-  i-  i.i.-li  i . tu  • tin-  ti.ii!ili*r  i*i  :ur.Mni:  .slaves.  This  approach  is 

i.i-::*  I .:••;*!.*.•  -it*  - -s.  ..tit. .a  atturdvd  i-.  I hr  •!•*  .nitreum  '.i.tiiv  ro't  ...J  the  reduced 
■* ■ir'..  i-'.i:  t.  lion  I i:l.  **:ilv  f.  ...  the  last  stage 

'..r  ip  i iU-t  ;-i  tin-  . .it. 

' i;..ili.,  on-!-!ii-  t r**..l :;'.i-!tt  in..-.  also  lii*  apple.**!  i.i  i-.  . .in  is  the  case  for 

att-  rvja:;  -it  -i  i oiabur.tion  not  , *.<•  :.  !.*.  .nil  . if.  !.;«•«:  p.-r..  ••  .til  U*  incurred. 

a ^ \ in  ••  . ho  on.,..;  t.  ;.i  ;•«  i ,ti.  « ..vp  between  strut  noise 

•t;i  i .•  ..*•»:.:  t .••uus.iin.;  -i!.  •;  p. i rail. .-I  r-  . .it  ;.!!•  i-t  tin.*  noise,  i*p-*ctfieally, 

11-/A  .tl.  :•  i strong  ji.ii.it. .cu-r.  'ilat*.,  n't!..  .!••>..  o exist:.,  locating  the  struts  In 

low  vi*l*«*lt\  .leas  rnth.-r  than  hi^h  v**I.m  i*.\  an  a iU  result  in  lower  noise.  Similar):., 
rc  : . I-  • .trut  .iii'u  an.l  j.i.ilili-  nr..;.'  will  reduce  -trul-genciated uuisu. 

t 

In  1 a a*  whi*ri*  separation  it  the  flow  uvur  the*  strut  may  oct-ur,  a change  in  th** 
an.*!**  •!  a- -.■ii-iii in  i.-lt.*/  It.:  • *i;»  with  the  flow  or  addin.;  twist  to  the  strut  may  rosv,t 
in  lower  :;-i'Si*. 

,\i  «>»;.  tie  i : .-.tti>;i*:ii  u «*d  l*»r  -in:;  combustion  and  turninc  noise  will  also  attenuate 
tr*.t  d located  •i*».vn  tre.itu  of  the  disturbance.  The  optimum  tuning  of  the  truat- 

ir.i-.'.t  n a l li.i  ii  Ij*.*  ha*-.*  <t  • --ii  tia*  relative  rota ni.iai  m.t.of  the  three  sources. 

Iti-itiieti'-n  of  ( urn  pressor  N.d  a*  - Man*,  studies  have  lieen  eonilueted  to  alleviate  the 
not  >.*  -it  lan  slaves  in  turliolaitsi!,»*-y.  The  results  Iron:  these  .studies  are  equally 
ipj.li*  ilile  to  the  ease  ol-  engine  cunijii  cssors.  Significant  reduction  can  U*  obtained 
I.*.  ini  :.*:isiii^  the  spacing  Ix-t-x  ocn  rotor  anti  stator  stages  and  iiy  reducing  the  rotor 
i i*latt*. ••  •.»*loi  itv. 

!.  oinpresnor  noise  is  esperiail,*  will  attenuated  by  acoustical  lining  trnVriala  since  the 
i ointi  .i.eiit::  are  usual! .-  high  in  1 r«*Mtw*nry,  tin*  ntii-a*  is  propagating  a east  this  flow, 

.mi  i!a-  ati*  temperature  is  near  audiieni,  where  less  exotic  material  , than  those  re- 
; tiled  to  endure  the  hot  corrmivc  exhaust,  as  is  Ihe  ease  for  engine  exhaust  treat - 

, i-.i't  1.1-  i|.,ei|. 


Oarbux  liutM' 

> i *:n*Si*»v  iioi-a*  is  nortnallv  luiv.ps-i-.e.t  o|  a aeries  of  diseivle  fre'ji.eney  signals  oceur- 
rin;l  at  each  t*joth  eiiipijp-inent  (or  lia  iiiiii)-,)  fn"|ueiiey'in  tin*  tranainisaion.  Those 
•loinin.int  tones  may  exhibit  sidebands,  which  are  generally  Insignificant  relative  to 


its*  :'.<>!se  at  meshing  frequencies.  Mesh  frequency  noise  is  radiated  to  the  atmosphere 
by  the  casing  or  the  structure  to  which  it  is  attached.  The  radiating  body  is  driven 
by  the  dynamic  system  comprised  of  gears,  shafting  and  bearings.  The  dynamic  sys- 
tem is  excited  by  the  meshing  of  gears,  which  is  imperfect  in  all  but  ideal  cases. 
Imperfect  meshing  induces  an  oscillating  force  as  well  as  the  intended  constant  force 
transmitted  to  the  mating  gears.  This  oscillating  force  is  the  cause  of  gearing  noise. 
Both  the  generation  of  mesh  frequency  excitation  and  the  path  it  takes  to  the  final  radia- 
tion point  must  lx:  considered  in  predicting  and  reducing  gearing  noise.  Both  analytical 
and  empirical  solutions  have  been  developed  for  gear  noise  prediction.  The  analytical 
form  of  solution,  however,  not  only  predicts  noise  levels,  but  can  be  used  for  identify- 
ing means  of  noise  suppression  at  the  source. 

Empirical  methods  are  generally  used  for  prediction  of  gearing  noise  emission.  There 
are  several  practical  reasons  for  the  use  of  these  simplified  methods  over  the  highly 
detailed  analyses  now  available  for  transmission  noise  prediction.  The  iirst  is  ihat 
the  analytical  methods  require  a detailed  knowledge  of  both  the  design  of  the  trans- 
m.asion  and  characteristics  of  the  system,  such  as  bearing  load  deflection  character- 
istics. The  second  is  the  fact  that  aircraft  transmissions  are  designed  with  substantial 
commonality  in  terms  of  loadings,  speeds,  and  materials,  Also,  the  norma’ly  com- 
plex casings  and  airframe  configurations  do  not  lend  themselves  to  dynamic  analysis 
at  gear  meshing  frequencies,  thereby  adding  a significant  unknown  in  terms  of  sound 
output  on  top  of  the  problem  of  computing  excitations  and  emissions  from  the  basic 
gearing. 

Excitation  of  gearing  systems  at  tooth-mesh  frequency  can  be  determined  through  the 
use  of  computer  programs  such  as  those  described  in  Reference  i.  These  programs 
have  been  used  in  several  studies  which  demonstrated  that  a reasonably  accurate  pre- 
diction of  tooth  mesh  excitation  and  resultant  system  torsional  response  can  be  made. 
They  have  been  improved  and  supplemented  with  lateral  bending' analyses  of  the  gear- 
ing system  elements  (References  2 through  5),  but  have  not  been  integrated  into  a total 
program  which  is  capable  of  accurate  noise  predictions.  It  should  be  noted,  however, 
that  the  detailed  analysis  of  References  1 through  5 has  made  it  possible  to  attain  noise 
reductions  by  shifting  resonant  frequenelt‘3  of  some  components  out  of  the  normal 
operating  speed  range. 

The  disadvantage  of  the  detailed  analytical  approach  to  gear  noise  prediction  character- 
ized by  these  and  other  programs  is  threefold.  First,  the  detailed  information  on  gear 
quality  .-nd  the  dynamic  characteristics  of  some  elements  of  the  gearing  system  arc  not 
generally  known  and  must  lie  estimated.  This  immediately  transforms  a rigorous 
analytical  solution  to  a semi-empirical  one.  Second,  the  complexity  of  these  methods 
requires  computer  programs  which  are  difficult  for  most  engineering  organizations  to 
use  without  extended  study.  Third,  the  accuracy  of  the  programs  attainable  at  the 
present  time  ta  limited. 


* 


A.i  .;n  .iiu-rn.ilH-!  to  the  analytical  procedures,  there  are  graphical  methods  available 
tor  the  estimation  of  mesh  frequency  excitation  winch  account  for  the  Important  para- 
urs  India  nag  power  transmitted,  tooth  loading,  pitch  line  velocity,  tooth  profile 
error,  tooth  prolile  roughness,  tooth  spac  ing  error,  tooth  alignment  error,  pitch, 
contact  ratio,  approach  and  lecess  angle,  pressure  ar.gle  and  backlash.  It  Is  felt  that 
this  type  of  prediction,  presented  in  Reference  ii,  Is  valid  in  estimating  this  excitation. 
However,  an  equally  important  part  of  the  : ?al  estimation  process,  that  of  translating 
the  excitati on  into  radiated  noise,  is  subject  to  large  error. 

Transmissions,  am!  helicopter  main  transmissions  In  particular  because  of  stringent 
weight  limitations,  are  comprised  of  many  complex  components  which  do  not  readily 
lend  themselves  to  dynamic  analysis  at  meshing  frequencies.  The  casings  are  probably 
the  me, st  difficult  part  of  tin;  transmission  to  anai./e  because  of  their  complex  shapes 
and  largdv  varving  cross  sections.  Highly  detailed  analyses,  such  as  the  finite  ele- 
ment approach,  are  necessary  to  define  impedances  and  mode  shapes.  Lacking  such 
analyses,  empirical  or  statistical  means  are  used  to  estimate  the  casing's  effect  on 
radiated  noise. 

The  casing  is  the  single  most  important  element  in  the  chain  of  events  leading  to  gear 
mesh  noise  emission  by  virtue  of  its  Influence  on  dynamic  element  mounting  Impedance 
and  its  ultimate  radiation  of  mesh  frequency  vibration  as  noise.  The  fact  that  no 
pine tic.il  analysis  exists  for  determining  its  dynamic  characteristics  makes  the  empir- 
ical approach  to  gearbpx  noise  prediction  necessary  for  the  present,  although  such 
methods  are  somewhat  inexact. 


Helicopter  transmission,  are  designed  to  transmit  a rated  power  with  minimum  weight. 
They  are  manufactured  with  a high  degree  of  quality  control  and  tight  tolerances  to 
maintain  safety  margins  required.  These  requirements,  along  with  similar  reduction 
ratios  from  engine  to  rotor  on  most  helicopters  gives  this  family  of  transmissions 
enough  commonality  to  allow  a good  deal  of  generalization  and  an  empirical  method*to 
Ixi  used  In  predicting  emitted  noise  levels.  A method  such  as  tills  is  found  in  Reference 
d.  In  this  method,  the  manufacturing  characteristics  of  a gearbox  arc. used  to  classify 
the  n.dse  and  the  sound  power  level  of  the  noise  is  plotted  as  a function  of  transmitted 
power.  Figure  0 shows  the  sound  power  level  versus  transmitted  power  curve  from 
Reference  0.  Since  helicopter  gearboxes  are  manufactured  to  high  accuracy  standards, 
their  noise  should  lie  in  the  class  Ii  or  C area  ef  Figure  9.  Levels  predicted  In  this 
way  appear  consistent  with  unpublished  Sikorsky  data. 

Reference  <>  also  provides  some  empirical  information  on  the  nolise  reduction  (hat  can 
be  achieved  with  various  modifications  to  gearboxes.  These  are  shown  in  Table  1. 

(Note  that  the  reductions  for  each  variable  are  not  necessarily  additive). 

In  summary,  significant  progress  has  been  made  in  understanding  gearbox  noise  me- 
chanisms. Tills  progress  has  included  the  development  of  both  analytical  and  empirical 
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FIGURE  9.  NOISE  QUALITY  CLASSIFICATION  FOR  GEARED  SYSTEMS 


prediction  procedures  which  can  be  used  for  now  gearboxes.  Empirical  methods  are 
relatively  easy  to  use  and  appear  to  offer  reasonable  accuracy  for  gearboxes  such  as 
the  lightweight,  highly  loaded,  close  tolerance  aircraft  units  used  in  helicopters.  Ana- 
on  the  other  hand,  require  a great  deal  of  detailed  design  information 
to  ubo  and  still  require  some  empirical  corrections  for  reasonable  agreement  wit 
experiment.  However,  the  analytical  procedures  do  provide  insight  into  problem  areas 
and  likely  noise  reduction  modifications  which  can  not  lie  determined  with  the  empirical 

methods. 
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JiEI.JCOPTKR  N'OI.SL'  PREldCTION 


Respite  all  of  the  work  that  has  been  done  to  develop  prediction  methods  for  the  soar  cars 
of  V.  STOl.  noi.se,  attempts  to  formulate  comprehensive  methods  for  predicting  the 
noise  from  a complete  vehicle  have  occurred  only  recently.  The  two  major  studies  that 
specifically  address  .helicopters  are  reported  in  References  1 and  2.  Both  studies  deal 
with  noise  iroir,  main  rotor,  tail  rotor,  and  engines.  Noise  from  gearboxes  is  ignored, 
•which  is  a legitimate  simplification  in  most  cases,  especially  at  distances  typical  of 
flights  over  populated  areas.  Reference  1 considers  the  special  case  of  tilt-rotor 
vehicles,  but  uses  the  same  prediction  method  as  is  used  for  helicopters. 

Both  studies  use  the  closed-form  rotational  noise  method  of  Lowson  and  Ollcrhead3 
as  the  best  practical  tool  that  is  presently  available.  The  selection  of  loading  harmonic 
decay  constants,  called  "loading  laws",  is  based  on  acoustic  test  data.  Neither  ref- 
erence specifically  deals  with  the  effects  of  rotor-rotor  interference  on  tail  rotor  noise, 
since  relatively  little  information  is  available  in  the  literature.  Broadband  rotor  noise 
is  predicted  with  empirical  methods.  Although  different  studies  arc  referenced  in 
developing  the  broadband  method,  both  vehicle  noise  methods  use  forms  of  the  so- 
called  Sc  belt ‘gel  equation4  with  a directivity  correction  as  proposed  by  Lowson  and 
f /lie rhead  in  Reference  3.  Engine  noise  prediction  also  uses  empirical  procedures 
‘in  each  method.  A sample  of  the  agreement  obtained  with  the  method  of  Reference  2 
is  shown  in  Figure  10,  below. 


FIGURE  10.  TAKEOFF  NOISE  CORRELATION 


The  agreement  between  measured  and  predicted  noise  levels  is  quite  good  and  is  ade- 
quate for  use  in  studies  of  community  acceptance  of  noise  using  tone  corrected  per- 
ceived noise  level,  PNiT.  Similar  correlation  has  l»een  obtained  lictween  predicted 
and  measured  A -weighted  sound  pressure  level,  SPL(A).  It  is  important  to  note, 
however,  that  the  referenced  vehicle  noise  prediction  methods  have  demonstrated 
good  agreement  with  gross  characteristics  of  the  noise,  namely  PNI.  and  SPLf  A).  Cal- 
culation of  more  complex  measures  of  subjective  reponse  which  may  be  needed  to  as- 
sess tone  content  and  Impulsive  noise  require  revisions  to  the  referenced  methods. 
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lii.l.KOi'TFU  NOI.SK  REDl'CTION  TECHNK^rhS 


Control  of  hrh opter  nois*-  requires  that  ail  ol  the  sources  of  noise,  including  main 
rotor,  tail  rotor,  engine,  and  to  a lesser  extent,  gearbox  be  considered.  Studies  of 
noise  sources  and  iheir  piv>IK-tion  for  each  of  these  components  of  ..he  helicopter  in- 
heivnth  address  the  noise  reduction  question,  since  the  influence  of  ,pe rating  am! 
eoniiguraiu.n  parameters  on  noise  generation  is  part  of  any  noise  prediction  technique, 
i it  her  sections  of  this  report  address  the  noise  prediction  techniques  in  detail.  The  re - 
tore,  in  this  section  only  th»  noise  reduction  techniques  investigated  experimentally 
’a  ill  be  discussed. 

of  most  interest  are  the  noise  reduction  experiments  conducted  on  the  Hughes  OH-GA, 
the  Mkorskv  SJl.'H)  ami  the  Hainan  fill — I.TIt.  The  Oll-GA  is  a light  observation  heli- 
copter of  Hal  kg  i2l')4  lbs.  i gross  weight  with  a F.ur-I, killed  main  rotor  and  a I a/ in 
bladcd  tail  rotor.  The  llli — 1 :tl*  is  a larger  helicopter  used  for  Air  Force  Rescue 
missions  of  3l75~Kltjs  ».g  (7000-9500  lbs.f  gross  w«  lght  with  two  meshing  twin  bladcd 
main  rotors.  The  SH.iD  is  a large  troop  transport  V.pe  helicopter  of  70"0  kg  tlat.il 
lbs.  | gross  weight  with  five-hiaded  main  rotor  and  ine-bladed  tail  rotor. 


Ar.aKsis  of  the  noise  signature  as  shown  in  Figure  11  (from  Reference  1)  clearly 

indicated  that  main  rotor,  tail  rotor,  engine  exhaust  and  gearbox  noise  all  contribute 
substantially  to  the  total  noise.  In  order  to  suppress  main  rotor  noise  the  design  tip 
speed  was  reduced  from  <i  l -»  ft. .see.  to  -131  ft,  sec.  In  order  to  maintain  performance, 
five  main  rotor  blades  wore  used  instead  of  four.  The  main  rotor  tips  were  changed 
from  the  standard  rectangular  tip  shape  to  a trapezoidal  shape  with  a 2 degree  twist. 

To  suppress  the  tail  rotor  noise  its  speed  was  reduced  from  3120  rpm  to  1G30  rpm. 
l o maintain  performance,  a lour-bladud  rotor  14'?.  larger  In  diameter  than  the  stan- 
dard rotor  was  used.  The  angles  between  blades  were  75  and  105  degrees  instead  of 
the  conventional  equal  spacing.  Also,  high  lift  cambered  airfoils  were  used  instead  of 
the  standard  symmetrical  airfoils,  (learl.ox  noise  was  suppressed  by  use  of  lower 
pile  h gears  with  higher  contact  ratios.  These  gears  were  also  machined  to  higher 
accuracy  and  had  U tter  surface  finish  than  the  standard  gears.  Damping  material 
was  applied  to  the  webs  of  some  gears  and  to  the  core  of  some  drive  shafts  to  reduce 
ririging  noise  resulting  from  gear  clash.  Modifications  to  the  engine  as  well  as  exter- 
nal muffling  wub  used  to  suppress  the  engine.  The  basic  engine  modifications”  consisted 
of  1)  shot  penning  the  first  stage  turbine  nozzle  to  create  a sonic  inlet  block;  2)  balancing 
all  rotating  i ompom  nts  to  closer  than  normal  tolerances  to  reduce  engine  easing  vibra- 
tion and  3)  clipping  ..event!  stages  of  compressor  vanes  to  Increase  blade /stator  spac- 
ing and  thus  reduce  inlet  siren  noise.  Those  engine  changes  resulted  In  an  exhaust  peak 
reduction  of  2 dll.  The  engine  exhaust  muffler  consisted  of  a tuned  double  expansion 
reactive  type  muffler  exiting  into  a large  turn  d resonating  chamber”.  Engine  inlet 
noise  was  suppressed  by  lining  the  inlet  fairing  and  plenum  chamber  of  the  test  vehicle 
with  f-inch  thick  op*m  cell  polyurethane  foam.  Peak  attenuation  of  engine  noise  was 
found  to  be  over  .'10  dll  for  this  system*. 
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i "if  early  test  efforts  on  the  HH— 13B  indicate  j that  the  rotor  engine  and  gearboxes 
contributed  to  the  noise  signature.  Engine  noise  components  are  inlet  radiated  broad- 
band flow  noise  and  discrete  tone  compressor  noise,  case  radiated  mechanical  and 
. onibustion  noise,  and  exhaust  radiated  broadband  flow  noise3.  Inlet  noise  was  sup- 
pressed bv  a reverse  flow  inlet  duct,  as  shown  in  Figure  12,  with  a multi-layer  re- 
active liner.  Case  radiated  noise  was  suppressed  by  installation  of  vibration  isolators 
between  the  engine  and  its  supporting  structure  and  by  a high  transmission  loss  enclo- 
sure around  the  engine  compartment.  Exhaust  noise  was  suppressed  by  the  exhaust 
duct  shown  in  Figure  13,  which  includes  a lined  absorber  section  for  attenuation  of 
engine  and  in-duct  generated  noise  and  a diffuser  section  which  allows  for  uniform 
expansion  of  exhaust  gases  to  nearly  2cro  relative  velocity.  Additional  reduction  is 
achieved  by  directing  the  exhaust  nearly  directly  aft  as  opposed  to  the  downward 
directed  exhaust  of  .the  standard  aircraft. 

It  was  found  that  the  vibration  isolation  and  installation  of  an  engine  enclosure  were  not 
effective  in  reducing  the  aircraft  noise  signature.  The  inlet  noise  suppression  was 
effective,  particularly  the  suppression  of  the  compressor  blade  passage  tone.  Reduc- 
tion of  as  much  as  10  dll  in  the  mid-frequency  range  was  achieved  with  the  exhaust 
muffler. 

Many  changes-  were  made  to  suppress  gearbox  noise  discrete  tones  at  frequencies  equal 
to  the  gear  dash  frequency  and  its  harmonics.  These  changes  included  the  use  of  a 
gear  set  with  good  wear  patterns  and  minimum  tolerances,  plating  of  gear  teeth  to 
improve  surface  finish,  the  use  of  high  viscosity  oil,  misphastng  of  right  and  left  drive 
gears,  elastomeric  Isolation  of  the  planetary  ring  gears  and  Installation  of  external 
sound  proofing.  Octave  band  analysis  did  not  show  any  improvement  for  these  changes. 
However,  the  changes  did  result  In  a subjective  Improvement  as  they  reduced  the  levels 
of  the  discrete  tones  in  the  spectrum.  The  external  sound  proofing  was  not  effective  In 
reducing  aircraft  noise  signature. 

Rotor  modifications  Included  increasing  the  diameter  from  47  ft.  to  50. 34  ft. , Increas- 
ing blade  chord  from  15.  (19  inches  to  18.69  inches,  thinning  nnd-dTooping  the  leading 
edge,  and  slightly  tapering  the  tip.  These  modifications  caused  a reduction  of  higher 
frequency  noise  components,  but  an  Increase  In  low  frequency  noise.  Reducing  the  tip 
speed  from  540  to  462  ft. /see.  reduced  eoise  throughout  the  frequency  fipectrura  by  3 
dU.  With  the  reductions  achieved,  the  rotor  was  still  the  dominant  noise  source 
throughout  the  audible  spectrum. 

Initial  analysis  of  the  Mil. 'Mi'1  indicated  that  the  total  external  noise  spectrum  la  domi- 
nated at  various  frequencies  by  the  main  rotor,  tail  rotor  an!  engines.  Main  rotor  and 
tail  rotor  rotational  noise  at  multiples  of  16. 9 and  100  Hz,  respectively  are  dominant 
In  the  low  frequencies  with  a mixture  of  rctor  and  engine  noise  contributing  to  the  mid 
and  upper  frequencies. 
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FIGURE  11.  OVERALL  NOISE  COMPARISON  FIGURE  12.  INLET  SILENCER 
IN  HOVER  'FRONT  VIEW  AT  CONSTRUCTION 

150  FEET  FROM  AIRCRAFT) 


FIGURE  13.  EXHAUST  SILENCER  CONSTRUCTION 
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Main  rotor  nome  was  treated  !>y  reducing  tip  speed  from  662  to  537  ft.  /see.  azid  chang- 
ing from  5 standard  .square-tipped  blades  to  six  twisted  trapezoidal  tip  blades.  The 
tall  rotor  was  treated  by  reducing  tip  speed  from  657  to  442  ft.  /sec.  and  by  doubling 
the  number  of  blades  from  5 to  10,  Further  attenuation  for  cruise  flight  was  gained 
bv  modifying  the  aft  vertic  al  pylon  to  a candzered  airfoil  configuration,  thereby  remov- 
ing some  of  the  anti  torque  load  from  the  tail  rotor  in  this  flight  regime. 

The  engines  were  attenuated  by  inlet  and  exhaust  silencers.  Although  the  silencer  per- 
formance was  not  measured. on  the  engine,  tests  with  no  flow  showed  peak  insertion 
loss  of  approximately  25  dB  around  1000  Hz. 

A comparison  of  roi.se  generated  by  the  standard  and  modified  helicopters  showed  that 
noise  is*attenuated  at  nearly  aU  ircqucncies  with  the  moHt  noticeable  change  occurring 
at  the  tail  rotor  blade  pa-..,.-  g frequency.  Tail  rotor  noise  was  reduced  to  the  point 
where  it  was  almost  tr  ,i  • iflcant  for  the  modified  vehicle.  Also,  high  frequency  noise 
components  were  reduced  by  3 to  Id  dB  over  a wide  frequency  range,. 

Although  it  could  not  be  shown  in  the  1/3  octave  band  spectrum  plots,  the  character  of 
the  noise  wau  entirely’ different  for  the  original  and  modified  aircraft.  The  standard 
SH3D  was  easily  identified  as  a helicopter  by  its  characteristic  main  rotor  rotational 
noise  and  tail  rotor  "buzz”.  The  modified  SH3D  sounded  like  a low  speed  muffled 
turbojet  during  flyby-*. 

Noise  reduction  methods  described  above  for  the  three  helicopters  involved  in  the  quiet 
helicopter  program  were  for  the  moat  part,  straight-forward  techniques  with  proven 
effectiveness.  Kotor  noise  reduction  was  attained  via  reduced  tip  speeds,  increased 
solidity,  and  limited  blade  aerodynamic  Improvements.  Engine  noise  reduction  was 
attained  primarily  by  muffling.  Gearbox  noise  was  reduced  primarily  by  shielding 
and  damping. 

The  techniques  employ  d were  effective,  but  resulted  in  performance  reductions  and 
weight  increases  in  general.  They  move  the  helicopters'  operating  parameters  away 
from  those  which  were  originally  selected  on  tho  basis  of  performance  and  economic 
considerations. 

Further  research  is  required  to  define  rotor  and  engine  configurations  which  arc  both 
quiet  and  efficient. 
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SUBJECTIVE  RESPONSE  TO  HELICOPTER  NOISE 


Introduction 

For  more  than  twenty  vears  efforts  have  been  made  to  develop  noise  rating  scales 
which  accurately  predict  the  subjective  response  to  aircraft  noise.  The  difficulties 
of  cor  ducting  meaningful  tests,  where  the  results  are  determined  by  listeners  judging 
various  sounds,  has  led  to  considerable  confusion  about  the  relationship  between  one 
rating  system  and  another.  Also,  there'  are  two  distinct  objectives  which  must  be 
considered  in  developing  the  rating  scales:  1)  a scale  to  measure  the  perceived  level 
of  an  individual  aircraft  flyover  sound  which  can  bo  used  for  noise  certification  and 
2)  a community  acceptance  calculation  procedure  which  accurately  evaluates  the  long 
term  effects  of  aircraft  noise  on  communities  around  airports.  In  the  following  dis- 
cussion, the  work  on  various  units  for  noise  certification  and  community  acceptance 
of  helicopters  are  discussed.  Then,  the  direction  fo-  establishing  better  units  for 
helicopter  noise  assessment  are  discussed. 

Noise  Rating  Units  for  Helicopter  Noise  Certification 


Background  - At  the  present  time,  most  noise  rating  methods  are  based  on  PNdB  or 
dRA.  PNdB  Is  a computed  unit  based  on  sound  pressure  level  and  frequency  for  one- 
third  octaves  or  full  octave  bands  of  noise.  The  dUA  may  be  read  directly  from  the 
output  of  a sound  level  meter  having  an  A-weighting  network.  Several  research 
studies  have  been  conducted  to  establish  the  relative  merits  of  these  methods  as  pre- 
dictors of  annoyance.  Pearsons  evaluated  subjective  response  to  recordings  of  heli- 
copter noise  in  comparison  with  transport  aircraft  noise*-.  He  found  that  PNL  was 
slightly  more  accurate  than  weighted  sound  pressure  level  such  as  dBA,  and  that  adjust- 
ments to  PNL  for  tones  and  duration  did  not  improve  its  accuracy.  Hecker  and  Kryter“ 
determined  that  tone  corrections  below  500  Hz  reduced  tne  accuracy  of  various  units 
and  suggested  that  the  use  of  tone  correction  for  tow  frequencies  be  deemphaslzed. 
OUerhead3  studied  the  subjective  response  to  low  frequency  high  intensity  noise.  The 
annoyance  curves  he  defined  departed  from  existing  curves  below  1000  Hz.  Figure  14' 
(from  Reference  4)  shows  that  this  is  significant,  since  the  large  amount  of  low  fre- 
quency helicopter  noise  is  the  main  difference  between  helicopter  and  other  aircraft 
sounds.  Sternfeld,  et  al6  compared  response  to  olmuiated  helicopter  noise,  tilt-rotor 
noise,  and  jet  transport  noise,  and  found  little  difference  among  peak  values  of  PNL, 
dBA,  and  dBC  as  annoyance  predictors. 

The  work  by  Ollerhead4*6*7  is  considered  particularly  significant  in  establishing  the 
state-of-the-art  in  noise  rating  scales.  In  hlB  work,  a fairly  extensive  experiment  was 
conducted  with  a large  number  of  aircraft  sounds  Including  turbojets  and  turbofans, 
piston  engine  propellers,  turboprops,  and  helicopters.  His  most  recent  summary  of 
this  work6  contains  some  surprising  conclusions.  First,  tt  wag  found  that  all  rating 
scales  are  equally  poor  In  rating  helicopter  noise.  Second,  an  Integrated  duration 
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FIGURE  14.  "TYPICAL"  1 3 OCTAVE  BAND  LEVEL  SPECTRA  FOR  DIFFERENT 
AIRCRAFT  CATEGORY  SOUNDS 


correc  tion  (as  in  FAR  Part  3<>)  is  particularly  beneficial,  probably  because  of  the  long 
duration  associated  with  some  of  the  very  low  speed  flyovers.  The  duration  correction 
based  on  10  cl  it  down  points  (i.e. , as  10  logjo  (t/ 15).  where  t is  the  time  in  seconds 
between  lOdB  down  points)  was  significant! v inferior  to  the  integrated  correction. 

Third,  the  simple  energy  summation  process  performed  by  the  weighted  sound  pres- 
sure level  circuits  is  rather  sensitive  to  the  particular  choice  of  network.  Thus  a 
linear  (flat)  weighting  function  overestimates  the  perceived  level  of  an  aircraft  sound, 

A -weighted  level  underestimates  perceived  noise,  and  D-weighted  level  (based  on  the 
inverse  of  the  *0  Noy  contour)  shows  a very  small  mean  error.  Fourth,  the  tone  cor- 
rection used  in  the  HP  NT.  procedure  does  not  perform  as  intended,  except  when  applied 
to  turbojet  and  turbofan  sounds,  ft  is  recommended  that  the  tone  correction  be  elimina- 
ted for  tones  Identified  betow  500  II;. 

In  another  recent  study,  Sterafeld,r>  found  that  helicopter  annoyance  was  under-estimated 
by  4.i'<  PNdB  compared  to  jet  transport  noise  annoyance.  For  example,  rotorcraft  noise 
at  a PNL  of  94-ftti  was  rated  equal  in  annoyance  to  jet  transport  noise  at  a level  of  100 
PNdB.  Leverton8  has  studied  helicopter  noise  extensively  and  finds  that  existing 
methods  are  inadequate  for  rating  helicopter  noise.  This  is  true  for  low  frequency 
rotational  noise  components  (including  tail  rotor)  as  well  as  for  Impulsive  noise. 

An  additional  source  of  inaccuracy  of  existing  Perceived  Noise  Level  and  A-weighted 
Noise  Levels  is  their  inability  to  rate  Impulsive  rotor  noise.  Relatively  little  quantita- 
tive testing  has  been  done  to  define  human  response  to  repetitive  acoustical  impulses. 
Munch  and  King11  surveyed  the  literature  during  a study  of  community  noise  accep- 
tance and  found  that  the  presence  of  impulsive  noise  increases  subjective  annoyance 
by  4 to  6 PNdB.  Consequently,  considering  the  findings  of  Sternfeld1^,  the  annoyance 
of  helicopters  with  impulsive  noise  is  likely  to  be  underestimated  by  8-11  PNdB  com- 
pared to  the  annoyance  of  conventional  transport  aircraft. 

From  the  preceeding  discussion,  it  ls  apparent  that  existing  methods: of  rating  hcll-- 
copter  noise  are  inadequate.  Shortcomings.arlse  from  the  frequency  range  of  the  noise 
and  from  the  characteristics  of  the  acoustic  waveform.  A new  unit  or  new  units  are 
required  in  order  to  accurately  predict  subjective  response  to  helicopter  noise.  Of  the 
existing  methods,  however,  no  one  unit  Is  clearly  superior  to  the  others. 


New  Rating  Scales  For  Helicopter  Noise  Certification  - Based  on  the  deficiencies  noted  j 

above  it  appears  that  a new  noise  rating  unit  is  required.  The  new  noise  rating  unit 

outlined  below  Is  intended  for  noise  certification  testing  of  individual  aircraft.  It 

should  be  emphasized  that  instrumentation  and  data  processing  for  such  testing  are  elab-  j 

orate  and  extensive  compared  to  facilities  for  monitoring  and  evaluating  community  j 

noise  levels.  Recommendations  are  made  in  a later  section  for  a community  acceptance  ij 

unit  that  parallels  the  certification  unit.  | 
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iii.u. i:i iii<  ‘ha:  i-c.i.m:  certg.vntiim  umt  shuu!-:  -a-  .i'Vvl.j/J  :iior;./ 

.u  !l  -uhi  include  at  least  ! he  following  :i it. 

!.  i.'.i  .i  p.v.eh-.acnustu:  response  curves  that  extend  below  50  11/.  and  cover 

..n  s ie  , ante  range  of  chi'ensiiy . 

- integrate*:  dur.-.ii-m  corrections  .o>  irs  FAR  Pa)  t .10  rather  than  corrections 
!,  I nil  the  iiiUc  Ut-.w.en  Use  10  dll  down  points. 

.'1.  .‘rttcria  ..  : penalties  for  the  pr ■■scOie.  oi  lii'puls've  noise, 

i.  Tunv.  ti.m.-  f<ii  di  a relc  frequencies  that  adequately  represent  human 
>e  bduw  .i-iO  li.'.. 


*;,>  iitti  r.  ,.i  is  ic  !,i:iv  to  specify  how  *hi.>  unit  will  U:  ot vvhipod.  Psvchoaeoustic 
nv.l.r.g  •MA’Hiii.*  K is  ivpmvd.  Th.s  po'ies  difficulties,  since  noise  simulation  at  low 
f:i  -.|ia  ncic.s  further  complicates  tl;e  u»u.d  complex  problem  of  haman  response  tests. 

■ vi!.\;iive  tests  may  require  the  use  of  actual  helicopter  flyovers  (as  opposed  to  rc- 
co!‘>Un;'s  ami  s>nth«v:es)  to  Ijc  sure  that  all  of  the  spectrum  characteristics  and  psycho- 
logical effects  are  ueciiratelv  presented  to  the  listeners  during  the  test  program. 

Community  Acceptance  Calculations 

H i,  i:,;r.iumi  - Tin*  two  basic  set::  of  noise  criteria  to  which  a helicopter  will  be  sub- 
let .ed  are  certification  .-.ml  community  acceptance.  Certification  criteria  define  the 
noiM*  tn.it  the  vehicle  will  lie  allowed  to  generate  for  typical  takeoff,  landing,  and 
nine  operations.  Community  acceptance  criteria  relate  this  i ertifieation  noise  to 
• i oiiiii. unity  by  eoi..  iilerin*'  tin*  total  effects  of  operating  many  types  of  aircraft  for 
multiple  (lights  at  various  tir.ies  of  the  day  over  or  into  various  parts  of  the  community. 

i lie  determination  of  absolute  community  acceptance  of  noise  through  application  of 
-.•live  measures  requires  consideration  ot  a large  number  of  elements.  It  involves 
• o:i  bluing  U>o  noi-.e  generated  by  mam*  flights  of  varvuigjiircwatt  types  using  many 
ipproaeh 'lakcolt*)>at)i-i  t*>  arrive  at  a noise  exposure  number  which  is  descriptive  of 
the.net  effect  on  those  exposeit.  This  net  effect  is  also  iultuenccd  by  the  time  of  day  at 
which  the  n .ses  occur,  the  type  of  community  in  whic  h they  occur,  and  in  many  eases, 
th  : ambient  noise  levels  generated  by  sources  other  than  aircraft  in  the  area.  The 
following  discussion  elaborates  on  candidate  method::  for  rating  acceptability  of  noise 
anti  i.date::  these  methods  to  helicopter  noise. 

T ibbs  2,  I>.ji*i  the  re*.  i:(!.‘  report  by  liinlerln-Rser  awl  Mcrnfeld*^,  summarizes  the  fac- 
tor:: s onr.idor  si  in  vai  -ous  * niiununiiv  noise  r.thig  methods.  The  Use  ot  as  the 
unit  lor  rommuriitv  acn  ptance  evaluation  of  helicopters  is  rcroiniiieuded  by  llinterkeuser 
and  :iei  rifebl  l:i-i-;*ii.-it-:  1/  it  ini  bides  the  consideration  of  the  ambient  noise  in  the  com- 


TABLE  2.  FACTORS  INCLUDED  IN  VARIOUS 

COMMUNITY  NOISE  RATING  METHODS 


FACTORS 

INCLUDED 


London  Guideline 


Composite  Noise 
Rating 


Community  Noise 
Equivalent  Level 


Noise  Exposure 
Forecast 


Weighted  Equivalent 
Perceived  Noise 
Level 


Noise  Pollution 
Level 


Day-Night  Level 


Local  "Nuisance" 
Ordinances 


Single  Event 
Noise  Exposure 
Level 


Attitudes 


J.  . onst.lers  ;i:c  mm-  distribution  of  noise  and  number  of  flights  per  hour.  The 
• :.»  .'•u„j;»,st  that  the  penalty  of  10  ilB  for  ni^ht  time  operation  may  be  too  small. 
They  >latc  that  day  tinu-  complaints  are- associated  with  interrupt ive  factors  such  as 

t.iterteivnee  tn.l  distraction  while  night  time  complaints  may  be  associated  with 
.ca  ahemm;  or  prevention  •>!  sleep. 

In  another  recent  report  by  Munch  and  King11,  the  I,(]n  concept  is  endorsed  with  some 
ation.  1 hey  recommend  that  a penalty  of  5 to  10  d BA  be  added  to  the  single 
e\  etti  noise  exposure  level  iHKNK  I.)  for  un-aircraft  producing  impulsive  noise.  This 
is  in  agreement  with  the  llinte rkeuscr  :uid  ritertiieliP0 findings.  Munch  and  Klng11also 
recommend  the  use  of  tone  corrections  to  the  Si'.NLL  as  calculated  for  Tone  Corrected 
i*o revived  Noise  Level,  but  only  applied  to  tones  above  50i)  Hz.  This  is  In  agreement 
•a  ith  Ollerhead**. 

in  summary,  it  appears  that  Ldn  with  significant  modifications  is  the  choice  for  com- 
mon it  >.  acceptance  evaluation  of  helicopters. 

Nome  Units  for  Community  Acceptance  K valuation  - As  stated  in  References  10  and  11, 
community  acceptance  criteria  must  include  Hie  ambient  noise  environment,  and  should 
1*.*  reasonably  easy  to  use.  It  Is  clear  that  existing  weighted  sound  pressure  level  and 
perceived  noise  level  are  equally  good  (or  equally  bad)  as  predictors  of  annoyance  and 
References  10  and  11  recommend  use  of  Day -Night  Level  (Ldn)  based  on  dBA  as  a 
community  acceptance  unit.  The  I.tjn  unit  recotnmcnded  in  Reference  11  uses  the 
SK.NKL  unit,  dUA  corrected  far  pure  tones  and  duration.  Of  course,  there  Is  no 
reason  to  assume  that  a new  weighting  network  or  a new  El’NI.  procedure  could 
not  be  used  in  place  of  dBA  to  improve  the  accuracy  of  the  I.(]n  unit.  The  new  network 
would  include  revised,  extended  low  frequency  characteristics  patterned  after  the  sub- 
jective .response  results  discussed  earlier.  It  is  possible  that  a revised  N-weightlng 
network  (the  N-weighting  scale  is  sometimes  referred  to  as  the  IV-scale  and  is  the 
inverse  of  the  10-noy  contour)  would  be  preferable  to  a revised  A-weightlng  network. 
Naturally,  impulse  penalties  and  tone  corrections  patterned  after  the  new  certification 
unit  would  Is;  used  in  Hie  new  community  acceptance  unit.  * 
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CONCLUSIONS 


In  general,  it  is  concluded  from  the  study  reported  here  that  significant  further  effort 
is  needed  in  all  areas  of  helicopter  noise  prediction,  reduction  and  subjective  evalua- 
tion to  approac'.:  ir-.-J  uf  Ui  -V  r^tandl.-g  r.cv  achieved  in  turbojets  and  turbofans. 

The  single  area  where  the  state-of-the-art  is  nearly  adequate  is  in  the  turnoshaft 
engine.  Here,  because  of  the  interest  in  core  engine  noise  of  turbofans,  substantial 
progress  is  being  made  to  understand  the  mechanisms  of  noise  generation  and  develop 
noise  prediction  methodology'.  It  is  true,  however,  that  this  new  understanding  has 
not  yet  been  incorporated  in  any  existing  turboshaft  engines.  Therefore,  the  results 
of  the  learning  from  the  Current  work  will  not  appear  until  a new  gcueration  of  engines 
is  designed. 


Gearbox  noise  has  been  studied  both  experimentally  and  analytically  with  some  success. 
It  appears  that  the  tools  for  prediction  must  be  tried  in  a quiet  helicopter  design  to 
establish  where  th  current  methods  are  deficient. 

In  the  rotor  noise  source  area,  existing  prediction  methods  appear  adequate  to  estab- 
lish general  trends  or  gross  properties  of  the  acoustic  field  for  most  common  heli- 
copter configurations.  Tandem,  coaxial,  meshing  or  variable  geometry  rotora  may 
require  further  study.  From  a more  basic  aeroacouBtic  standpoint,  it  appears  that 
the  basic  theories  now  in  use  should  be  checked  carefully  against  noise  generated  by 
helicopters  in  flight.  This  will  require  measurement  of  aerodynamic  inputs  for  these 
predictions.  The  objective  of  such  a program  should  be  a careful  study  of  cause  and 
effect  in  rotor  noise  generation.  Tail  rotor  noise  requires  this  same  attention,  partic- 
ularly the  evaluation  of  interference  between  the  main  and  tail  rotor. 

While  it  is  not  likely  that  a commercial  transport  helicopter,  designed  with  community 
acceptance  as  a goal,  would  ever  produce  Impulsive  noise,  work  is  required  to  define  • 
the  design  boundaries  which  will  insure  that  impulsive  noise  Is  not  produced. 

Noise  reduction  of  complete  helicopters  has  only  been  demonstrated  in  ways  that  reduce 
efficiency.  Increases  in  weight  for  the  modifications  to  date  have  been  unacceptable  in 
a commercially  configured  vehicle.  Work  is  therefore  required  to  develop  noise  re- 
duction techniques  with  minimum  Impact  on  perfoimance. 


In  the  subjective  evaluation  of  helicopters,  further  work  is  needed  to  improve  the 
accuracy  of  the  existing  units.  Improvements  to  the  EPNdB  to  account  for  the  differ* 
ences  between  helicopters  and  other  aircraft  are  required.  Some  of  this  work  may 
also  be  applicable  to  community  acceptance  evaluation  procedures. 
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APPENDIX  A 

CAiMULF.  REVIEWS  OF  SELECTED  RE  PORTS 
Rotor  Noise  Capsule  Su.roaries 


Arndt,  ft.  E.A  and  Ikinrmati,  D.  (’. , "Noise  Radiation  from  Heliconter  Rotors  One  rat  - 


resented  at  the  26tn  Annual  National  i'orum 


of  the  American  iieiii-opler  Soeietv,  Washington,  D.  C. , .J une  1070. 


Purpose 

The  purpose  of  this  paper  was  to  present  the  results  of  an  investigation  of  high 
Mach  number  effects  on  the  noise  generated  by  helicopter  main  rotors  and  to  review 
the  role  ot  drag  divergence  ami  biade  thickness  in  the  noise  radiation  from  rotors 
operating  at  high  tip  Mach  number.  A mathematical  model  for  rotational  noise  was 
developed  based  on  an  adaptation  of  the  Gutin  theory  to  the  case  of  non-uniform  inflow 
(more  specifically  for  the  particular  case  of  non-uniformity  due  to  drag  divergence 
caused  by  operation  of  a rotor  at  a combination  of  high  tip  speed  and  high  forward 
speed)  and  utilizing  published  drag  data  for  symmetrical  airfoil  sections  operating 
through  their  critic  al  Mach  number  range.  Application  of  the  mathematical  model  to 
the  case  of  rotors  tested  in  the  Ames  40-by-tsO-foot  wind  tunned  gives  good  agreement 
with  the  observed  tremendous  increase  in  the  level  of  the  higher  harmonics  for  a small 
change  in  tip  Mach  number. 

Summary 

The  paper  reviews  several  classic  approaches  tc  the  calculation  of  lift  noise 
generated  by  a rotor  including  those  of  Gutin1*,  Garrick  and  Watkins3,  Schlegel0, 
I.owaon  and  Ollorhead7  and  Loewy  and  Sutton10.  Although  each  of  these  approached 
the  problem  in  a different  way,  the  results  In  general  were  not  satisfying.  A brief 
review  of  other  sources,  such  as  broadband  noise  and  thickness  noise,  completes  the  . 
background  on  helicopter  main  rotor  noise  sources. 

The  matt  purpose  of  this  paper  was  to  review  the  role  of  drag  divergence  and  blade 
thickness  in  the  noise  radiation  from  rotors  operating  at  high  tip  Mach  number.  The 
approach  taken  was  to  modify  the  Gutin  theory  for  non-uhiform  inflow  and  consider  a 
particular  case  of  non-uniformity,  namely  the  drag  divergence  due  to  the  operation  of 
a rotor  -at  a combination  of  high  tip  speed  arid  high  forward  speed..  - 


A Fourier  series  expansion  of  an  assumed  pube  loading  is  used  in  the  development 
of  an  expression  for  the  harmonic  thrust  and  torque  coefficients.  Following  a develop- 
ment of  the  velocity  potential  for  acoustic  radiation  based  on  Gutin  and  applying  several 
simplifications,  the  rms  value  of  the  nth  rotational  noise  harmonic  is  given  by  the 
expression 
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‘The  numbers  refer  to  the  entries  in  the  appropriate  section  of  the  REFERENCES. 


number  of  blades 

- rotational  speed  of  rotor 
distance  to  observer 
speed  of  sound 

■ Fourier  coefficient  in  blade  loading 

- thrust 

- angle  between  thru3t  line  and  observer 
Fourier  coefficient  in  blade  loading 
torque 

- Mach  number  based  on  effective  radius 

• effective  radius 


For  uniform  loading,  all  components  are  zero  excep-  for  or0  = 1 and  fla  - l which 
reduces  the  above  equation  to  the  Gutln  relationship . 

The  drag  rise  experienced  by  the  advancing  blade  of  a rotor  when  the  forward  speed 
is  such  that  the  tip  Mach  number  exceeds  some  crlt.  .1  value  is  a form  of  non-uniformity 
In  loading  investigated  in  the  next  section  of  the  '"<pe  \fter  drawing  a simplified  ex- 
pression for  a drag  rise  coefficient,  Cq,  it  is  expanded  Into  a Fourier  cosine  aeries 


and  the  results  substituted  into  the  modified  Gutln 


'on  for  rotational  noise. 


As  an  illustration  of  the  sensitivity  of  the  drag  Increase  to  Mach  number  and  the 
effects  of  tapering  the  blade  tip.  Figure  1 shows  the  calculated  drag  rise  coefficient 
plotted  as  a function  of  the  rotation  angle  (where  90  degrees  Is  perpendicular  to  tbs 
direction  of  flight).  A large  increase  in  drag  ia  shown  for  a small  change  in  Mach  num- 
ber. 

In  closing  the  discussion,  the  authors  present  a few  sample  calculations  for  com- 
parison with  measurements  conducted  in  the  Ames  4 0-by -80-foot  wind  tunnel.  Two 
comparisons,  here  reproduced  as  Figures  2 and  3,  illustrate  the  comparison  between 
calculation  aad  measurements  for  a relatively  low  tip  6peed,  where  drag  divergence 
effects  are  small,  and  a>.  a higher  tip  speed,  where  the  drag  divergence  effects  become 
significant  for  both  a standard  tip  blade  and  a tapered  tip  blade.  Although  the  reeulta 
show  a large  discrepancy  in  the  lower  harmonics,  the  tremendous  Increase  in  the  higher 
harmonicB  (about  20  dB)  for  a small  change  In  Mach  number  is  well  predicted  by  the 
theory  developed  by  the  authors. 

The  authors  conclude  that  drag  divergence  can  be  important  for  tip  Mach  numbers 
above  0.  85,  sources  other  than  rotational  noise  contribute  to  the  higher  harmonics, 
an  improved  analysis  of  vortex  noise  is  required,  thickness  noise  ia  Important  only  for 
the  lower  harmonics,  and  the  use  of  tapered  tips  appears  to  be  a good  way  to  reduce  the 
noise  at  high  tip  Mach  number. 
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FIGURE  1.  DRAG  INCREASE  DUE  TO  COMPRESSIBILITY  EFFECTS 
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FIGURE  2.  SOUND  PRESSURE  LEVEL 
SPECTRA,  THEORY  V5 
EXPERIMENT 
STANDARD  TIP  BLADE 

Comparison  With  Similar  Papers 


FIGURE  3.  SOUND  PRESSURE  LEVEL 
SPECTRA.  THEORY  VS 
EXPERIMENT 
TAPERED  TlfiBLADE 


This  piper  presents  a mathematical  model  to  explain  the  substantia!  increase  In 
the  higher  harmonics  of  rotational  noise  observed  in  helicopter  main  rotors  operating 
at  a combination  of  high  tip  speed  and  forward  flight.  Tim  analysis  presents  a closed 
form  solution  based  on  the  assumptions  of  a periodic  change  in  blade  loading  due  to 
compressibility  effects  experienced  by  the  blade  advancing  into  the  flow. 

Others  have  attempted  to  explain  the  increase  in  the  levels  of  the  higher  harmonics 
due  to  non-uniform  loading  of  the  rotor  blades.  Schlegel,  et  alh  used  a similar  approach 
in  extending  Out  in's1-  analysis  directly  to  the  ease  of  non-uniform  blade  loading.  Their 
expression,  however,  is  not  in  closed  form  and  a computer  solution  is  presented  which 
requires  blade  loading  as  input. 
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Comparison  With  Similar  Papers  (Cont) 

This  paper  approaches  the  problem  of  Impulsive  noise  due  primarily  to  a fluctua- 
tion in  lift  noise,  in  contrast  to  Lyon's^  analysis  to  explain  blade  "pop"  (i.e. , sound 
generated  by  the  compressions!  wave  patterns  that  are  produced  at  speeds  near  Mach 
1)  in  terms  of  the  fluctuating  thickness  noise  caused  by  the  periodic  change  of  the 
relative  tip  speed  of  the  blade  advancing  into  then  away  from  the  inflow  due  to  forward 
motion  of  the  aircraft,  or  the  blade/vortex  Interaction  work  of  Wldnall22,  Leverton^®, 
and  KUotas24.  it  is  interesting  to  note  that  both  Arndt  and  Lyon  Bhow  comparatively 
similar  agreement  with  the  same  test  data  even  though  Arndt  attributes  the  impulsive 
noise  to  fluctuating  lift  and  Lyon  attributes  it  to  fluctuating  displacement  due  to  blade 
thickness.  Neither  Arndt's  nor  Lyon's  analyses  show  excellent  correlation  with  the 
test  data,  primarily  due  to  the  neglect  of  other  sources,  with  Arndt  underpredictlng 
at  low  frequency  and  low  tip  Mach  number  and  both  tending  to  overpredict  nt  high 
frequency  and  high  tip  Mach  number. 

Evaluation 

The  approach  is  sufficiently  simple  and  straight-forward  to  be  readily  Integrated 
with  ether,  established  rotational  noise  prediction  methods.  Compressibility  effects, 
however,  may  also  result  in  other  noise  sources,  such  as  the  so-called  fauzzsaw  which 
has  been  observed  in  supersonic  tip  speed  fans.  In  this  case,  the  rotating  shock  be- 
comes a source  of  noise  in  itself,  as  well  as  causing  a change  in  blade  loading.  Fur- 
ther, periodic  blade  loading  may  arise  due  to  vortex  interaction.  Thun,  although  the 
theoretical  development  presented  in  this  paper  may  be  a valid  model  of  the  noise 
generated  by  changes  in  blade  loading  due  to  drag  rise,  it  in  itself  is  probably  not  a 
complete  and  sufficient  description  of  the  sources  of  helicopter  rotor  Impulsive  noise. 
This  is,  In  fact,  supported  by  the  comparison  with  test  data  which  shows  only  fair 
agreement  in  absolute  level,  although  it  does  show  reasonable  agreement  with  the  treads 
in  noise  level  with  tip  Mach  number. 
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Cux,  C.R,  , "Subcommittee  Chairman's  f< court  to  Membership  on  Aorod-. r.amic  Sources 
oi  Noise."  P-  e u-ntCj  to  2v.h . Annual  Forum,  American  Helicopter  Society, 

May  11)72.  ' ” ~ 

Purpose 

Thud  report  was  prepared  to  summarise  deliberations  of  the  Noise  Subcommittee 
of  the  American  Helicopter  Society,  pertaining  to  noi^e  irom  low  disc  ti/vjii.g  aircraft, 
l'he  Subcommittee  examin'd  existing  knowledge  about  the  aerodynamic  sources  of 
m*i..e  and  the  ability  to  predict  noise,  and  also  considered  the  areas  where  additional 
basic  research  is  required. 

Summary 

Noise  Is  defined  in  terms  of  mechanisms  rather  than  subjective  characteristics  of 
the  noise.  Regarding  adequacy  of  theory,  existing  theories  or  new  analyses  using 
existing  knowledge  could  predict  noise  if  adequate  aerodynamic  data  were  available. 
Lack  qf  such  data  is  the  principal  obstacle,  particularly  tall  rotors.  Inadditin  . 
the  report  identifies  advances  id  test  instrumentation  that  are  required  to  pro-  e 
missing  experimental  data.  Research  programs  arc  recommended  to  devoid  general- 
ized rotor  noise  theories  and  basic  experimental  aerodynamic  data.  Specific  areas 
include  dynamic  surface  pressure  measurements  on' the  rotor  blades,  determination  of 
wake  system  characteristics,  and  Investigation  of  flow  field  characteristics. 

Comparison  With  Similar  Papers 

This  paper  Is  intended  to  summarize  the  state  of  rotor  aeroacoustlc  knowledge 
as  of  1372  in  general  terms.  In  this  regard.  It  differs  from  surveys  oriented  toward 
specific  Investigators,  such  as  surveys  by  Hubbard5*8  and  by  Morfey**^. 

• Kvaluatlon  of  Paper  _ .. 

The  Subcommittee's  findings  apply  to  the  present  state-of-the-art  and  offer  sound 
general  guidelines  for  continuing  research. 
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Filotas,  L.  T. , "Vortex  Induced  Helicopter  Blade  Loads  and  Noise,"  Journal  of  Sound 
and  Vibration,  Volume  27,  Number  3,  1973,  pp  387-398. 

Purpose 

The  author  seeks  to  model  blade/vortex  interactions  and  provide  the  Fourier 
coefficients  of  airload  to  be  used  in  tho  Lowson  a..d  Ollerhead * expression  for  rota- 
tional noise.  The  resulting  method  can  then  be  used  to  define  effects  of  blade/vortex 
interactions  on  rotor  Impulsive  noise. 

Summary 

A model  is  developed  consisting  of  a finite  aspect  ratio  wing  and  a series  of  infin- 
itely long,  parallel  vortex  filaments.  Spacing  between  vortices  and  the  height  of  the 
wing  above  the  vortex  filaments  are  adjustable,  as  is  the  angle  between  the  wing  and  a 
filament.  Linearized  aerodynamic  theory  is  applied  to  determine  the  transient  wing 
lift  response  to  an  encounter  with  a single  filament,  and  the  total  response  to  a com- 
plete array  of  filaments  is  obtained  by  superposition.  The  response  is  expressed  as 
harmonics  of  loading  which  are  compatible  with  the  acoustic  analysis  of  Lowson  and 
Ollerhead.7 

This  model  is  used  to  calculate  noise  for  a simple  laboratory  mpmeidatloo  of 
blade-vortex  encounters  consisting  of  a wing  mounted  in  a wind  tunnel  with  upstream 
generated  vortices  convectlng  past  the  wing.  Calculated  sensitivity  of  the  noise  to 
aspect  ratio  and  vortex  separation  la  presented.  Aspect  ratio  la  shown  to  have  a small 
effect,  while  vortex  separation  and  spacing  strongly  Influences  farrfield  noise.  Noiae 
is  inversely  proportional  to  the  third  power  of  wing  height  and  is  greatest  when  the 
horizontal  spacing  la  about  five  times  the  height. 

Comparison  With  Similar  Papera 

Other  investigators  (e.  g. , Widnall22),  have  used  a wing  and  vortex  filament  model 
but  the  present  paper  extends  this  approach  to  a finite  aspect  ratio  wing  and  cyclical 
loading  rather  than  a single  encounter.  Subsequent  work  by  Wldnsll  extended  the  present 
approach  and  obtained  good  agreement  between  measured  and  calculated  acoustical 
waveforms  for  a one  bladed  rotor. 

Evaluation  of  Paper 

The  approach  appears  to  be  effective  based  on  preliminary  results  by  Bausch^ 
and  Widnall22.  If  efforts  to  parameterize  blade-wake  encounters  are  successful, 
impulsive  rotor  noise  from  this  source  should  be  fairly  well  defined. 


48 


H-  tut  tonal  Nnt..e 


msmm 


re  1 Klucluatiiiir  i-.Iadi:  i.oa.i 


. , ' The  Prediction  of  liyor 


[MMM 


o.  M)l,  Muv  1 !>?•!. 


Purpose 

Hie  report  dcs*  nix-..  a stu-.r.  to  i:na>:n--  rotor  noise  and  High  frequency  blade  loads 
simul.ar.eously,  ami  to  x t n.i i!v eorr.-l.r i .a  l,.twe«*n  measured  ami  predicted  noise. 

Effects  '4  ehoriiwise  i -a,:n.r;  tri'-..:  . ..a  . -trr  Titj.-r  and  of  loading  ph:«.>e  on  correla- 

tion also  art*  o’. uluali  !. 

Summary 

Ti.j  study  prodti  a d . ,oi.  i j > - • :*  . r.  ■ •*".  ••  sored  and  ealcul  .u-.l  rotational 

noise,  lk-st  agreement  wax  .»•.  r ■.  -•<•«!  <ehnrd.visci  load,  while 

least  satisfactorv  result,  w.  tv  ..S-mi.a  .1  u-  u:;'  ^ , i .t..:ig-ilur  ehnruwise  distribution. 
Phasing  of  the  osi'illn'orv  a;r‘  - d-  was  f.rtnd  to  cue  the  calculated  level  of  the 
fundamental  noise  harmonic  !a  audition.  *lv  •■ut:>f.r.-:  ! /and  that  the  contribution  of 
the  aft  K0‘-  of  the  blade  - '*.<  ri  t . the  inte.  run-  V loadir..;  coefficient  tended  to  worsen 
agreement  between  predict.  • ! . nd  n.ensiiii  d :«•!..»?  »a>.i.onies.  Airloads  based  on  the 
forward  10'/'  of  the  cm.:d  |.:«.duv,  e.  :niich  Utter  agreement  than  airloads  based  on  the 
entire  ehord.  Noise  i.-  i from  t.ill-«|,nr-i  loading  coefficients  tended  to  grossly 

over-estimate  the  noi.,--  !ian....ni»  levels.* 

Comparison  With  .Similar  l—pt-r.. 

Correlation  result ; -.e.-M  u>  lx-  i >m.>irte::i  wth  i hidings  of  previous  work  regarding 
usefulness  of  concern i std  i-..n’ing  (spanwtse  ami  ehordwise)  for  predicting  noise  irom 
a hovering  rotor.  Present  results  agree  with  other  investigators  that  rectangular 
chordwise  loading  is  tot  . good  approximation  for  use  in  the  acoustic  model. 

Evaluation  of  Paper  *•;  ’ . . _ ■ 


The  study  is  useful  as  a of  synchronized  iiuise  and  airload  data  uctpiired 

under  controlled  eon-lit i<  n-..  I he/e  re  tells  illustrate  that  good  loading  data  yields 
good  noise  correlation  a:,  long  .is  •»  valid  acoustical  analysts  is  used.  It  may  then  I h: 
concluded  that  the  a-  rodvnattiie  data  pre..cnlly  is  the  weakest  cunqioneni  of  rotor  noise 
technology. 


iH'nt  of  ;i  iV;chnti;Ui.-  for  Realistic  Prediction  ar.cl  fc^sctronic 
.Synthe«i3  ot  Helicopter  Itutor  Noise,'’  USAA.MHDL  Technical  Report  73  b,  March  1573. 

Purpose 

Vais  report  dorun.erts  the  development  of  a method  for  predicting  both  broadband 
and  rotational- rotor  mdse  and  for  synthesizing  the  acoustic  waveform  for  aae  in  human 
fnrnrs  studies  ef  rotor  n>.<i.-e. 

Summary 

An  elaborate  method  i.s  presented  jtilj/iRg  an  eripir.cal  data  base  to  predict  rotor 
noise.  Cot  relation  is  shown  for  two  Boeing  confh;ur:itioris  and  one  Bell  configuration. 
Predicted  and  measured  ;.pectr:.  are  siii.ii ar. 


The  present  study  is  uni  jut-  in  having  'sit?;  the  noise  prediction  and  analog  simula- 
tion combined.  Shortcomings  of  the  prediction  : ccuraty  appear  tp.be  related  to  inade- 
quate input  data,  a problem  common  to  all  present  methods. 

M valuation  of  Pan-r 

The  development  of  a method  to  predict  the  acoustic  waveform  of  rotorcraft  is 
highly- desirable , i»ut  it  i.i  premacure  to  accept  the  subject  method  ah  a design  tool. 
Correlation  must  in*  demonstrated  for  multi -bludcd  rotors  in  hover  and  at  high  for- 
ward speed.  If  good  results  are  obtained,  this  method  should  become  a useful  design 
tool. 


r>l 


Levcrton,  J.  W. , "The  Noise  Characteristics  of  a Large 'Clean*  Actor,  Journal  of 
Sound  and  Vibration,  Volume  27,  Number  3,  April  1973.  pp  357-378. 

Purpose 

The  present  study  seeks  to  measure  the  noise  characteristics  of  a full-scale,  two- 
bladed  rotor  installed  with  the  thrust  axis  pointing  down  to  avoid  recirculation  effects, 
and  to  compare  measured  results  with  trends  given  by  theoretical  and  semi -empirical 
prediction  methods. 

Summary  , 

t 

! 


r 

i 


Comparison  With  Similar  Papers 

The  present  paper  is  one  of  a limited  number  of  reports  on  full  scale  rotor  noise 
with  potential  for  defining  noise  directionality  as  well  as  acoustic  sensitivities  to 
changes  in  operating  parameters. 

Evaluation  of  Paper 

Results  are  useful  in  comparing  the  three  source  regions,  but  more  Investigation 
is  required  to  establish  that  the  presented  behavior  is  not  influenced  by  the  test  stand 
configuration.  Broadness  of  rotational  peaks  and  behavior  of  SPL  with  thrust  and 
speed  suggests  that  the  inflow  might  be  turbulent  rather  than  "clean"  as  the  author  had 
hoped.  If  the  Installation  is  responsible  for  these  acoustic  characteristics,  the  general  i 

applicability  of  the  results  might  be  limited.  j 

i 

i 

I 


Three  separate  component.}  of  rotor  noise  are  Identified:  rotational  (discrete 
frequency^  noise,  low  frequency  broadband  no<se,  and  high  frequency  broadband  noise. 
Variations  of  rotor  noise  with  thrust,  tip  speed,  and  elevation  angle  are  pre&ented. 
Leverton's  data  seem  to  depart  from  previously  accepted  behavior  of  broadband  noise 
and  overall  sound  pressure  level  with  both  thrust  and  tip  speed.  Rotational  noise  is 
not  treated  in  detail.  The  author  hopes  to  develop  empirical  formulae  for  each  noise 
component  In  future  work. 
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• j . ;i. lie.;-, tor  Suis-  - Blade  Sl.'.p,  part  1:  R;-> ic/v  ..rut  The  sn-.tie.r.i 

N-V.A  t ' H — 1 - 1 , lati/T  lliiii. 

I*  f 

Lius  was  undertaken  to  define  what  i.;  known  about  blade  slap  and  to  attt-n.pt 
to  formulaic  criteria  for  the  occurrence  of  Made  ..lap. 

Minima  ry 

A review  of  available  literature  leads  the  autlr.r  to  identify  Interactions  between 
r .lor  blade  . and  strong  tip  vortices  as  the  main  cause  of  blade  slap.  A ’’Elude  Slap 
Kit-tor"  is  .a-vc  loped  widen  appeh  rs  to  a^rret*  with  at  ail. able  data  for  tandem  rotor 
vehicles  and  for  few-biaded  ..in  rle  color  ’ath.-.j-.iefs  The  intensity  of  blade  slap  noise 
is  predicted  to  vary  as  the  sixth  power  of  the  rotational  tip  speed. 

Compart.-.on  With  Similar  Ihif.  -rs  . 

This  paper  is  one  of  the  earlier  efforts  to  > rutty  bl.«i-  slan  (impulsive  rotor  noise) 
caused  by  blade  vortex  interactions.  . It  contains  tost  data  from  experiments  conducted 
as  part  df  tfar  stufFvy  plus  surVt?\  'd:rt;f  Tf:)ni  herrc(»pfcr  'rnsnTrt.T(Tun!T3‘aaiTop«frators. 
These  data  could  lie  useful  to  other  investigators. 

K valuation  of  r-  ip.-r 

Results  are  useful  in  surye*.  tag  possible  mechanisms  responsible  for  blade  slap, 
and  Idadu/vortex  interactions  .ue  fell  to  Is*  a significant  cause.  Attempting  to  apply 
the  blade  slap  factor  criteria  to  hirh  ujsecd  (light  t.t  -in, fie  rotor  helicopters  is  not 
considered  to  l«;  realistic,  since  compressibility  effects  are  likely  to  control  the  im- 
pulsive noise  j'er.ere'ion. 


*.1 


l.ewrton,  J.W. , Helicopter  Noise  - Blade  Sla 


NASA  CR-19K3,  March  1972. 


Part  2:  Experimental  Results. 


Purpose 

lhis  report  presents  the  experimental  results  of  the  overall  study,  Including  a 
subjective  evaluation  of  the  noise  and  a revised  "Blade  Slap  Factor"  design  criterion. 

Sum  .nary 

It  is  shown  that  the  occurrence  of  blade  slap  generally  Increases  peak-to-peak 
rotor  noise  by  10JB.  Blade  slap  components  of  noise  are  seen  in  narrowband  spectra 
as  long  as  it  is  subjectively  detectable  in  the  original  noise  signal.  Model  testing  is 
fouad  to  give  data  as  informative  and  valuable  as  that  obtained  from  full  scale  testing. 

I. mated  subjective  reaction  data  indicates  that  helicopter  noise  without  blade  slap  must 
be  approximately  ii  dHA  louder  than  helicopter  noise  with  blade  slap  in  order  to  be 
equally  annoying.  A Blade  Slap  Factor  (BSF)  criteria  curve  i*  presented,  although  re- 
sults may  not  apply  to  large,  multi -bladed,  single  rotor  helicopters. 

Comparison  With  Similar  Papers 


The  present  report  completes  documentation  of  the  study  reported  In  Part  1, 

NASA  CR-1221,  19C8. 

Evaluation  of  Paper 


The  collection  of  noise  data  for  full  scale  and  model  hardware  la  useful.  Subjective 
Jesuits  are  too  limited  to  be  accurate  but  do  give  a broad-brush  feel  for  the  subjective 
effects  of  blade  slap.  The  applicability  of  the  blade  slap  factor  criterion  needs  to  be 
demonstrated. 


, ..  'VJ  ihc  i )V "Tail  3ni 


vs  of  Yu  11 -.seals  and  Nisdel  iielieoBier  it-.tors,"  JGurmii  of  sound 


135-1 


This  paper  compares  broadband  noise  generated  by  model  rotors  and  full-scale 
rotors,  iioth  low  frequency  and  high  frequency  broadband  noise  components  are  con- 
i'. :v:\:d,  wilt;  emphasis  on  tip-sp-'ed  dependency,  thrust  dependency,  and  .nrcctiimal 
characteristics. 


i ar-tield  noise  data  are  analyzed  in  terms  r.t  I cm  -frequency  broadband  noise,  and 
high-frequency  broadband  noise  for  both  full-scale  and  n.odel  rotor  systems.  Noise 
spectra  for  tin:  two  systems  are  similar,  except  for  expected  frequency  shifts  between 
.-..••dei  and  (till  scale.  Sensitivity  of  low  frequency  broadband  noise  to  velocity  is  from 
the  sixth  to  the  eighth  power  for  full  scale,  contrasted. with  the  fourth  to  sixth  power 
for  model  scale.  This  behavior  is  different  from  other  investigators  reporting  a 
velocity  squared  dependence  at  constant  thrust.  Dependence  of  noise  frequency  on 
velocity  is  found  to  vary  in  a Htrouhal  fashion  for  model  rotors  contrasted  with  no 
clear  Irf  bsvior  for  full  seale  rotors.  These  full  scale  results  disagree  with  results 
of  previous  investigators. 

High  f requeue v broadband  noise.  is  found  to  be  nearly  independent  of  thrust  at  con- 
stant velocity  and  to  varv  as  the  fourth  power  of  tip  -speed  at  constant  thrust,  although  the 
trtdiavior  depends  strongly  on  measurement  location  relative  to  the  rotor.  The  mechan- 
ism responsible  for  this  noise  is  not  clearly  understood.  High  frequency  broadband 
p-mo*  generally  does  not  control  the  overall  noise  level,  but  it  can  lie  a slgrifit  ant 
factor  in  subjective  reaction  to  the.  noise. 

('■ai  ,»ar:.  on  Willi  Sniid  ii*  I'.qc-rs 

As  -.tated  by  ihi*  authors,  the  subject  results  dil for  from  those  of  previous  investi- 
gators regarding  the  cib-ds  ot  velocity  on  noise  amplitude  .ml  frequency.  The.  present 
paper  contain  ! both  model  and  toll  scale  data,  while  most  other  papers  are  restricted 
to  one  or  the  other. 


Kvnlii  ili-.il  ot  Paper 


Tin'  experimental  .tndv  piovnl'-s  a us-ful  b.r.e  for  further  research  into  noi.-.c 
generating  iiieehaiil.liua,  whirls  hopefully  will  explain  dllfercnecs  between  model  and 
lull  scale  lx.diaVlor.  Ii.iia  iiom  lliia  study' and  other  studies  should  be  reviewed  to 
determine  (In'  leasons  behind  di.-ieirpancirn  about  .cb.cily  and  tlinint  dependence. 


Locwy,  R.  G.  , and  Sutton,  1,.  K. , "A  Theory  for  Predicting  the  Rotational  Noise  of 
Lifting  Rotor3  in  Forward  Flight,  Including  A Comparison  With  Experiment, " 
Journal  of  Sound  and  Vibration,  Volume  4.  Number  3,  1966.  pp  305-344. 


Purpose 


This  work  attempts  to  provide  a method  for  predicting  rotor  noise  from  unsteady 
airloads.  Noise  calculations  using  the  developed  analysis  are  compared  to  available 
r aasurements. 

Summary 

Expressions  are  developed  relating  the  noise  field  to  oscillating  pressures  Imposed 
on  the  air  by  rotor  blades.  A swept  area  representation  is  used  in  conjunction  with 
specified  chordwise  loading  distributions.  Limited  comparisons  at  measured  and  calcu- 
lated noise  show  poor  correlation. 

Comparison  With  Similar  Papers 

This  study  is  one  of  several  that  demonstrated  the  Importance  of  unsteady  loading 
in  the  rotor  noise  problem.  The  prediction  method  Involves  a numerical  Integration 
and  therefore  is  slow  and  cumbersome  to  use,  as  are  other  methods  using  this  approach. 
The  correlation  between  predicted  and  measured  noise  is  somewhat  worse  than  results 
presented  by  other  investigators. 

Evaluation  of  Paper 


The  technical  approach  and  final  prediction  method  are  similar  to  those  of  other 
people  studying  rotor  noise  in  the  same  time  frame.  The  relatively  poor  agreement 
between  predicted  and  measured  noise  is  probably  s result  of  inadequate  blade  loading 
data  and  questionable  noise  data  rather  than  severe  defects  In  the  analysis. 
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L..w:U-;i,  M.  V. , and  Gllerhcad,  J.  B. , "ftudlas  cf  i'elicnotar  Rotor  Noise,"  USA  A VL  Alia 


TH  cs-<>d,  January 
Purpose 

Objectives  of  the  reported  study  are  to  analyze  the  problem  of  helicopter  rotor 
noise  radiation  and  to  develop  analytical  expressions  for  calculating  noise  from  rotors. 
Existing  theoretical  and  experimental  information  are  the  starting  point  for  the  study. 

Summary 

Discrete  and  broadband  contributions  to  total  rotor  noise  are  described,  and  the 
importance  of  discrete  frequency  nol3e  out  to  several  hundred  hertz  ia  noted.  Experi- 
mental data  are  reviewed  and  general  treads  with  tip  speed  and  thrust  are  noted. 
Analytical  expressions  arc  derived  for  a simplified  closed-form  acoustic  solution  and 
an  ••exact"  solution  requiring  numerical  Integration.  The  simplified  solutionis  nearly  as 
accurate  and  much  faster  (i.  e. , requiring  much  less  computer  time)  than  the  exact 
solution.  Design  charts  are  presented  for  estimating  levels  of  rotational  noise  har- 
monics as  functions  of  equivalent  Mach  number  and  elevation  angle  from  the  rotor  disc 
plane. 

Comn^riaon  With  Similar  Papers 


This  study  la  one  of  several  conducted  during  the  mid-to-late  1960's  concerning 
helicopter  rotor  noise.  It  agrees  with  the  others  regarding  the  importance  of  unsteady 
loading.  The  present  study  is  unique  In  the  development  of  charts  for  estimating  rotor 
rotational  noise. 

Evaluation  of  Paper  . 


ThiH  report  is  very  useful,  both  for  a technical  overview  of  tho  noise  problem  and 
for  the  simplified  prediction  method  It  contains.  The  concepts  of  airload  exponential 
decay  laws,  random  phasing,. and  spanwlsc  correlation  lengths  have  become  well 
accepted  since  they  produce  reasonably  good  noise  predictions  front  manageable  input 
data.  Panic  shortcomings  of  tho  method  are  its  Inability  to  simulate  acoustic  radiation 
from  highly  unsymmetrleal  loading  on  a rotor,  and  its  inability  to  model  tho  effects  of 
subtle  changes  in  airfoils,  planforms,  etc.  Much  more  basic  research  is  required  to 
develop  the  aerodynamic  data  base  and  aeroacoustlc  transfer  function  in  order  to  remove 
prediction  limitations.  The  subject  approach  and  simplified  method  will  remain  popular, 
at  least  until  the  necessary  research  is  done. 


i 


Lawson,  M.  V. , Whatmorn,  A.R.  , and  Whitfield,  C.E.,  "Souice  Mechanisms  for 
Rotor  Noise  Radiation,”  NASA  CR-2077,  August  1973. 

Purpose 

The  work  was  performed  to  investigate  sources  of  Bubsonic  rotor  noise.  Various 
theories  are  reviewed  for  discrete  frequency  noise  and  broadband  noise.  Theory  and 
past  experiments  are  compared,  and  results  of  present  tests  of  a low  speed  fan  are 

discussed. 

Summary 

Fundamental  theories  relating  to  noise  from  turbulence  and  unsteady  coherent 
loading  are  discussed  to  lead  into  a comparison  between  theory  and  experiment.  Parti- 
cular emphasis  is  placed  on  velocity  dependence  and  frequency  dependence  for  dipole 
and  quadrupole  source  models.  Theoretically,  broadband  dipole  noise  will  tend  to  vary 
as  the  sixth  power  of  velocity  while  quadrupole  noise  should  vary  as  the  sight  power  of 
velocity.  Existing  data,  including  that  produced  by  the  subject  work,  do  sot  resolve 
the  dipole  versus  quadrupole  question. 

Major  conclusions  are  that  discrete  frequency  noise  results  from  Inflow  distortion 
and  large  scale  inflow  turbulence,  low  frequency  broadband  noise  results  from  smaller 
scale  Inflow  turbulence,  and  high  frequency  broadband  noise  results  from  a aelf-inter- 
actlon  at  the  blade  tips.  This  last  source  of  nolee  is  not  identified  In  past  literature, 
according  to  the  authors. 

Comparison  With  Similar  Papers 

This  study  is  compatible  with  other  literature  on  aerodynamic  sources  o t noise. 

It  Is  somewhat  unique  In  having  lv>t  wire  anemometer  data  (rotating  and  fined  probes) 
to  define  the  input  flow  field  that  produces  the  noise  data. 

Evaluation  of  Paper- 

This  paper  la  useful  in  establishing  firm  theoretical  and  experimental  foundations 
for  baalc  noise  generation  studies.  Promising  results  for  the  discrete  frequency 
aeroacouatlc  transfer  function  and  for  broadband  noise  correlation  help  direct  future 
work.  The  quadrupole  vs  dipole  question  needs  further  Investigation. 
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le,  R.W.  Jr, . "SvnihesSa  of  Hslieontor  Rotor  Ti 


Acoustical  Society  of  Arne 


:y'/:5.  pr>  (iOT-rtls. 


P-..ry->:e 

In  order  to  reduce  noise  at  high  forward  speed,  the  author  seek  to  develop  a calcu- 
lation method  for  generalized  airfoil  thickness  and  lift  distributions  that  are  predicted 
to  U less  noisy  at  Mach  numbers  approaching  1.0. 

Summary 

The  present  work  extends  earlier  efforts  by  the  authors  to  relate  noise  from  the 
tip  region  of  helicopter  rotor  blades  to  blade  thickness  and  blade  lift.  The  contribu- 
tion oi  lift  to  noise  is  shown  to  be  much  less  than  the  contribution  of  thickness,  so 
emphasis  is  placed  on  minimizing  thickness  noise  radiation.  Some  candidates  for  low 
noise  tip  distributions  are  presented. 

Comparison  With  Similar  Papers 


The  subject  paper  is  more  abstract  than  most,  since  it  develops  generalized  thick- 
ness and  lift  functions  that  can  be  satisfied  mathematically  by  many  different  designs. 
Other  papers  tend  to  concentrate  on  reducing  comp-cssib'e  drag  cf  specific  airfoils  by 
changing  sweep,  thickness,  and  angle  of  attack. 

Y . ‘luation  of  Paper 


The  results  appear  to  ?•*.-  valid  in  a mathematical  sense,  but  the  practical  validity 
of  the  approach  must  U demenst rated  by  the  design  and  test  of  airfoils  based  on  this 
method. 


Morfev,  C.  L.  t "Rotating  Blades  and  Aerodynamic  Sound,”  Journal  of  Sound  and 
Vibration,  Volume  28,  Number  3,  1973.  pp  587-617. 

Purpose 

This  paper  is  written  to  provide  a survey  of  fundamentals  of  aerodynamic  noise 
generation  by  blades. 

Summary 

The  author  traces  the  historical  evolution  of  current  understanding  of  the  noise 
generation  processes  Involved  with  rotating  airfoils.  Early  work  on  propellers  Is 
mentioned  and  advances  Into  unsteady  aerodynamics  and  cascade  theory  are  noted. 
Noise  generation  and  radiation  from  rotors  in  a free  field  Is  emphasized  along  with 
the  effects  of  ducts  on  the  acoustic  field  of  fans  and  impellers.  References  and  an 
extensive  bibliography  are  presented. 

Comparison  With  Similar  Papers 

Historical  development  Is  traced  somewhat  more  extensively  then  other  papers. 
Results  of  specific  investigators  are  discussed  In  addition  to  generalizations  regarding 
noise  generation  and  propagation. 

Evaluation  of  Paper 

This  paper  contains  a useful  overview  of  acoustic  technology  for  rotors  and  fans, 
and  useful  bibliographic  data  for  more  detailed  study  In  specific  areas. 
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S.G.,  .John; on,  il.K. , and  Evans. T.D. , "Determination  of  the  Aerouvaamic 


tic-;  ;jf  Vortex  Shedding  From  Lifting  Airfoils  for  Application  to  th<i  Anaiv- 


ocnester  Applied  Science  Associates,  Inc.,  RASA  Report 


Purpose 

r;,i  preicnt  study  vvas  undertaken  to  experimentally  define  the  characteristics  of 
vortex  shedding  from  airfoils  in  a wind  tunnel  as  a foundation  for  understanding  and 
predicting  vortex  noi.->e  of  helicopter  rotors. 

Summary 

Airfoils  were  tested  in  the  t inted  Aircraft  Research  Laboratory  acoustic  research 
tunnei  to  gather  blade  surface  pressure  data  and  corresponding  noise  data.  Surface 
pressures  were  adversely  affected  by  the  transducers  or.  the  airfoil.  Presumably, 
noise  data  also  suffered  from  this  effect.  Two  values  of  Strouhal  number  were  found, 
but  repeatability  of  results  was  found  to  be  poor. 

Comoarison  With  Similar  Papers 


Present  results  do  not  compare  well  with  other  investigations. 


Kv-iliution  of  Paper 


Inconsistencies  ir.  the  test  data  m''e  it  difficult  to  apply  the  results  of  the  study 
to  helicopter  noise. 
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Schlcgel,  R.G.,  and  Bausch,  W.E.,  "Helicopter  Rotor  Rotational  Noise  Prediction 


and  Correlation".  USAAVLABS  Technical  Report  70-1A,  November  1970. 


The  program  objectives  were  to  measure  airloads  and  noise  simultaneously  and 
to  use  these  data  to  evaluate  correlation  between  measured  and  predicted  noise. 


The  rotational  noise  prediction  method  reported  in  1966  by  Schlegel,  et  al®  la 
extended  to  use  higher  frequency  airloads  and  to  use  any  arbitrary  chordwise  distribu- 
tion of  airload.  Good  correlation  is  claimed  for  the  first  4 harmonics  of  noise.  Cor- 
relation generally  improves  when  the  measured  chordwise  loading  distribution  is  used 
instead  of  a hypothetical  rectangular  distribution.  Source  motion  terms  appear  to  be 
important  and  should  be  included  in  the  prediction  method. 

Comparison  With  Similar  Papers 


Results  of  the  subject  work  generally  agree  with  other  reports  in  that  high  frequency 
airloads  and  chordwise  distribution  were  found  to  influence  noise  significantly.  This  re- 
port summarizes  high  frequency  differential  presaure  data  me»»'>red  on  the  rotor  bladea. 
Such  data  generally  is  not  available  elsewhere,  especially  for  a flight  vehicle  operating 
at  high  forward  speed. 

Evaluation  of  Paper 


Although  the  modified  noise  prediction  method  produces  better  correlation  than  the 
original  method,  the  need  for  high  frequency  airload  data  to  calculate  noise  makes  the 
method  difficult  to  use.  This  is  a common  problem  with  all  existing  methods  that  pre- 
dict noise  by  integrating  over  the  rotor  disc.  Since  the  needed  loading  data  rarely  Is 
available,  the  added  complexity  does  not  generally  result  in  more  accurate  predictions- 
than  closed-form  methods  have  demonstrated.  The  airload  data  could  be  useful  in 
future  studies. 
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iv-  „tL-.,t:.)a  of  N'-i  OiieraUwn  on  a Hovcri  ng  Rotor,  Part  IV,  L'.S.  A any  Re; 
;if;ee  - Durham  Report  O210-10S50-1,  November  1972. 


Pu 

'Ha's  paper  presents  results  of  a study  to  develop  an  improved  version  of  Lowson 
and  Ollerkead's  noise  prediction  procedure  called  HERON  EL  Experiment,  analysis, 

• and  correlation  arc  presented. 

■Summary 

A noise  prediction  computer  program  that  predicts  the  acoustic  pressure  time 
history,  from  Which  noise  harmonics  are  extracted  by  Fourier  analysis,  is  developed. 
This  basic  computer  program  requires  detailed  input  data  to  describe  span  wise  and 
chordwiae  loading  distribution  as  well  as  azimuthal  loading  distribution.  Hypothetical 
inputs  were  used  and  showed  insensitivity  of  noise  to  spanwise  distribution.  Amplitude 
and  phase  of  loading  harmonics  were  found  to  affect  noise  significantly.  Based  on  the 
sensitivity  study,  simplifications  were  made  to  the  noise  prediction  program  to  remove 
.the  needier  complicated  input  data.  Simplifying  assumptions  of  Lowson  and  Oiler  head 
are  validated. 

Comparison  of  model  and  full  scale  rotor  noise  harmonic  spectra  shows  excellent 
agreement  one  diameter  from  the  rotor  hub.  Scale  factors  believed  to  be  critical  are 
thrust  coefficient  divided  by  solidity,  Cr/6  , and  tip  Mach  number,  M*.  Broadband 
noise  does  not  scale  as  well,  with  model  levels  being  lower  than  foil  scale. 

Experimental  investigation  of  acoustic  sensitivity  to  airfoil  section  and  planform 
.1  bowed  no  clear  cut  improvements  over  the  total  tip  speed-thrust  ranges  considered. 
Some  noise  reductions  were  noted  at.  lower  tip  speeds  (650  ft/aecj.  1 

Impulsive*  hover  noise  of  ail  isolated  rotor  is  thought  to  be  produced  bv  shock 
formation  or  movement  on  Hie  upper  surface  above  lift  divergence.  Those  shocks  are 
. attributed  to  the  passage  of  u tip  vortex  close  by  the  blade  in  question.  Blade  loading 
and  tip  speed  are  believed  to  be  less  Important  parameters  than  the  airfoil  section  lift 
divergence  boundary.  Ability  to  predict  the  occurrence  3nd  amplitude  of  this  noise  is 
limited  by  a lack  of  adequate  information  on  vortex  core  size,  strength,  and  location 
relative  to  the  blade. 

romparlson  Wi Hi  Similar  Papers 


The  analytical  approach  parallels  that  of  Lowson  and  OllerheadV  The  present 
paper  cheeks  many  of  the  simplifying  assumptions  used  by  Lowson  and  Oilerhead  to 
develop  their  simplified,  closed-form  noise  prediction  method.  These  anuumptlons 
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Comparison  With  Similar  Papers  (Coni) 


are  found  to  be  valid,  and  the  number  of  loading  harmonics  is  found  to  be  less  than  the 
mb  (1  t Mt)  specified  by  Lowson  and  Ollerhead.  Experimental  data  for  similar  rotors 
with  from  3 to  5 blades  are  presented,  but  no  attempt  at  comparison  with  other  studies 
is  made. 

Evaluation  of  Paper 


The  paper  contains  reassuring  validation  of  the  simplifying  assumptions  of  Lowson 
and  Ollerhead,  and  some  additional  simplification  are  presented.  Test  data  contained 
in  this  report  might  lie  useful  when  combined  with  data  from  Lcverton  and  Lowson  for 
noise  mechanism  research  and  verification,  i'he  role  of  oscillating  shocks  in  single 
rotor  noise  deserves  further  investigation. 


I 


Widnall,  A.E.,  "A  Correlation  of  Vortex  Ncise  From  Helicopter  Rotors",  Journal  of 


Aircraft,  Volume  6,  Number  3,  May-June  1969.  do  279-281. 


Purpose 

The  work  wa a done  to  see  If  a general  collapse  of  noise  data  could  be  obtained 
on  operating  condition  and  geometry  of  different  rotors. 

Summary' 

Data  from  several  references,  including  whirl  tower  and  flight  vehicles,  collapsed 
to  a band  approximately  5 dB  wide.  The  collapsed  data  show  a general  trend  with  the 
mean  blade  lift  coefficient  squared  (Cl2)  near  typical  design  point  and  deviation  from 
Cl^  for  both  highly  loaded  and  lightly  loaded  rotors. 

Comparison  With  Similar  Papers 


This  paper  takes  data  from  several  other  reports.  Parameter*  for  the  collapse, 
such  as  thrust,  tip  speed,  and  Cl.  are  those  commonly  applied  for  so-called  "vortex 
noise". 

Evaluation  of  Paper 


The  data  presented  in  the  subject  papei  are  ’tscful  for  a "first  pass"  estimate  at 
the  overall  level  of  "vortex  noise",  with  quotation  marks  Indicating  that  this  Is  ths 
popular  name  given  to  noise  above  150  Hz  by  researchers  through  the  mid  to  late 
19fi0’&.  The  data  also  are  useful  as  a reference  for  measuring  hr  much  noise  re- 
duction is  obtained  with  new  noise  control  rolcr  systems. 
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2 i -j Jo  bin.  to -Vortex  ‘iJ-.-r:-': 


purpose 

d Ms  w-uk  w.is  performed  t„  develop  expressions  for  no/se  from  black.- -vortex 
inl'-ractior.  usuuj  linear  unsuady  aerodynamic  theory.  ' 

.vainm.i  ry 

F.'vjuvnni-.r.-j  are  deiv.cJ  .n.<>  calculation:;  performed  for  sound  power,  cllr.  etioual- 
itv,  an:l  fctsociu-.  j.-vct . utn  :.-s.-:cd  or.  .iinusoicUl  (urU  to  represent  the  velocity  field 
induced  l»v  the  vurt.-x.'  I wo-d:;*.en:.ionul  aiib.-d  •!..?:»  are  used.  Comparison  f n.*-a- 
sim-u  w tV'  l'irms  for  u ..nu-bla  .u-d  rotor  with  ore  dirt.  ;i  waveforms  showed  jjr.-i.d  .ijjree- 


f'oinpn ri.iuti  With  Similar  Paper* 

This  paper  i>  one  of  several  dealing  with  rotor  note,.  due  to  black;  vortex  Inter- 
action:-*. !■'  is  h»«*ro  extensive  ihau  most,  however,  since  predicted  sound  power, 
sound  directivity , and  sound  spectrum  arc  presented.  Also,  the  comparison  w'th 
measure  I data  lend-  cdddional  credibility  to  the  re.- nils. 

Kv-aliiation  •>.  Paper 


I tie  Hubiect  p;p*  r presents  a fairly  eompietc;  analysis  of  blade-vortex  interaction. 
It  ..houiil  1*:  particular lv  valuable  as  a starfiiuj  point  from  whb  li  to  explore  effects  <>l 
unste  ady,  ■')  — < i i i : : 1 1 .ional  aerodynamics  on  analytical  models  of  blade-vortex  inter- 
actions. 


Wright.  S. E. . "Spectral  Treads  in  Rotor  Noise  Generation".  AIAA  Paper  No. 


73-1033.  Presented  at  AIAA  Aero-Acoustics  Conference.  October  1973. 


Purpose 

This  paper  was  written  to  report  trends  observed  In  studies  at  measured  noise 
from  fans,  propellers,  and  rotors. 

Summary 


The  author's  analysis  Indicates  that  the  "minimum"  noise  generated  by  a rotor 
should  depend  only  on  thrust  and  rotor  "self  noise".  The  author  fools  that  only  this 
minimum  noise  is  readily  predictable,  since  so-called  "excess  nolst"  Is  Influenced 
by  so  many  environmental  variables.  Strouhal  scaling  of  broadband  frequency  is 
observed,  and  a data  collapse  la  presented.  The  dependence  of  generated  noise  is 
noted  to  be  on  the  fifth  power  of  the  velocity. 

Comparison  With  Similar  Papere 

Wright's  results  should  be  checked  for  compatibility  with  recast  work  by  LeverUm** 
and  Low  son14  regarding  noise  mechanisms  and  rotor  aooustlc  behavior.  Both  frequency 
dependence  and  velocity  dependence  ere  Is  dispute  among  investigators. 

Evaluation  of  Paper 

The  results  presented  In  this  paper  are  useful  an  a base  for  further  studies  of 
noise  from  fans  and  rotors.  In  particular,  the  data  should  be  useful  Is  trying  to  defies 
effects  of  velocity  on  nolee  amplitude  and  frequency. 
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■ -'l.'f  r't  Ise  i'.gt.  :r.le  Siaraarfes 

Eatoc-k,  H.t. -iky,  : . t Sair.t.sbuiv,  J.A. , "Designing  Small  Gas  Turbine 

Engine?  for  Low  So:".-*  yd  i Exhaust",  AIAA  Paper  No.  73-1154  Presented  at 
the  CASI/AIAA  Aeier.autic..i  Meetirg,  October.  1973. 

Purpose 

This  report  outlines  work  being  done  at  Pratt  & Whitney  Aircraft  of  Canada, 
Limited  on  the  control  of  noi.-e  ann  emissions  of  small  gas  carbine  engines  to  meet 
FA  A :.nd  EPA  regulations.  Design  features  contributing  to  tne  low  noise  signatures 
of  current  JTloli  and  P'i  ti  engines  arc  discussed  together  with  some  early  results 
from  programs  to  minimize  noise  from  advanced  PTC  turboprop  installations. 

Summary 

Although  the  1**1  i.  engine  was  designed  before  many  of  the  engine  noise  generating 
mechanisms  were  fully  understood,  it  does  incorporate  advantageous  noise  reduction 
features.  The  free  turbine  eliminates  the  clutch  requirements  for  helicopters  and 
allows  for  selecting  speed  lor  minimum  noise.  Moreover,  the  gas  path  configuration 
is  different  lrom  the  conventional  engine.  This  generally  results  in  a buried  engine 
inlet  with  a multiplicity  of  right  angle  bends  which  effectively  impede  nolBe  trans- 
mission. An  example  Is  shown  which  illustrates  the  effectiveness  and  importance  of 
installation  ducting  on  inlet  noise. 

The  measured  exhaust  noise  spectrum  of  the  PTC  in  octave  bands  is  relatively 
flat,  with  aitpreclable  low  frequency  noise.  This  noise  is  internally  generated  and 
believed  to  result  from  the  interaction  of  turbine  flow  turbulence  with  the  exhaust 
duct.  No  attempt  is  made  to  separate  combustion  noiBe  from  overall  noise.  Over  a 
broad  range  of  powers  and  power  turbine  Bpecds,  the  noise  output  correlates  with  a 
V®  relationship  where  V is  the  velocity  at  entry  to  the  exhaust  ducts.  However, 
different  exhaust  ducts  produce  noise  differences  of  4 to  S dB. 

A broad  correlation  of  exhaust  noise  from  different  shaft  engines  suggest  that 
engine  noise  levels  vary  proportionately  with  shaft  horsepower  (SUP),  individual 
engine  power/nolae  variations  are  lees  consistent  as  the  PT6  follows  a (SHP)4  while 
other  free  turbine  engines  vary  from  (SIiP)l»7  to  (SHP)5-3. 

Pratt  L Whltncv  Aircraft  of  Canada,  Limited  la  engaged  In  further  work  on  engine 
internally  generated  exhaust  noise  Including  the  effect  of  exhaust  duct  geometry  on  the 
overall  generation  und  radiation. 

Comparison  With  Similar  Papers 

This  report  Is  of  much  more  limited  scope  than  the  reports  resulting  from  the 
Air  Force  aponsored  Turlwshaft  engine  Htudy  at  AlHesesrcta5.  Also,  the  DOT 
sponsored  program  at  Cent  ral  Electric13  descriites  a more  in-depth  study  of  noise 
generation  mechanisms  than  found  In  this  report. 
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G rande.  L. , "Core  Kng< fio  Noise",  AIAA  Paper  No.  73-1026,  October  1973. 


Purpose 


This  paper  assesses  sources  of  core  noise  in  a turbofan  engines.  It  is  concluded 
that  combustion  noise  is  the  dominant  contributor  to  core  noise,  although  turbine  noise 
due  to  interaction  wii  h combustor-generated  turbulence  may  be  significant.  A core 
noise  prediction  procedure  is  formulated  which  considers  the  noise  generation  In  the 
combustion  chamber  and  the  noise  transmission  through  tne  turbine  <uui  the  primary 
exhaust  nozzle.  Comparison  of  the  predicted  and  measured  core  noise  levels  for  one 
low  bypass  ratio  and  one  high  bypass  ratio  turbofan  engine  shows  satisfactory  agree- 
ment. The  work  on  prediction  methods  of  core  engine  noise,  though  not  directed 
toward  turboshait  engines,  is  ot  interest  in  he lk.opto i aoise  prediction  and  will  be 
discussed  below. 

Summary 

Core  noise  consists  of  numerous  and  only  partly  identified  sources  of  noise  in- 
cluding: 

1.  Combustion  noise 

2.  Low  frequency  noise  generated  in  the  turbine  as  a result  of  Interaction  with 
upstream  turhulence  for  the  combustor 

3.  Noise  generated  in  flow  passage  discontinuities  such  as  turbine  exit  struts 

-}.  Turbulence  level  and  swiil  in  mean  flow  upstream  of  the  nozzle  exit 

Combustor  noise  has  been  assumed  to  constitute  the  major  source  of  core  noise 
in  two  separate  prediction  procedures  by  Gerend,  et  wls  and  Ho  and  Tedrtck4.  Gcrend, 
et  al  express  the  core  noise  as  functions  of  combustor  exit  temperature,  turbine  Inlet 
area,  and  turbine  pressure  ratio.  IKTand  Tcdrick  express  combustor  noises  as  func- 
tions of  temperature  rise,  combustor  flow,  and  fuel  sir  ratio.  These  prediction  pro- 
cedures suggest  that  noise  generation  is  dependent  on  the  combustion  parameters  up- 
stream of  the  turbine  inlet. 

The  remainder  of  this  paper  is  limited  to  considering  combustion  noise  ss  a 
source  of  core  noise.  I hroc  separate  problems  arc  eonsidered  In  attempting  to  pre- 
dict the  core  noise  resulting  from  combustion.  These  are: 


1.  Noise  generation  in  combustor 

2.  Noise  transmission  through  turbine 

3.  Noise  transmission  through  primary  engine  tailpipe 
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i hi-  '.:i  1l : t „f  exhaust  nuzzle  or.  noise  transmission  is  approximately  modeled 
. . the  radiation  from  tin;  open  end  of  a uniform  circular  pipe.  Using 

•••■  ■-rai  Mis.phs.iijg  assumptions  it  i.-:  .-.h.v.vn  that  low  fre.jujncy  noise  transmission 
.•.roiigti  the  exhaust  no-/. ale  varies  inversely  with  nozzle  temperature. 


< '...•■■a-:! ion  r.oisi*  generatiur  is  examined  by  modification  of  the  theoretical  model 
n .mc  ■- i.i-.: 1 ’*  to  permit  < w.np.iri.ioi;  with  empirical  results  ct  ilo  and  Todrlck"*.  It  is 
oer. ; cuat  empirical  correlation  agrees  fully  v/ith  the  modified  theoretical  model 
.-uve-p;  lor  a factor  os  the  s-|u-»ie  root  of  the  combustor  temperature. 


I =n. c the  preceding  analytical  development,  the  noise  of  two  large  turbofans  with 
iiilfi-r~'»tt  !f, puss  ratios  are  predicted  and  compared  with  measured  acoustic  data.  The 
iii>M..uiv!  da*.:,  cor  reeled  lor  U*e  predicted  jet  noise,  appear  to  agree  with  the  core 
noise  pn  djction  to  within  r 1 dll.  However,  the  engine  parameters  used  are  based  on 
sirr.pl  ifi-  d performance  calculations  for  the  two  engines,  and  may  be  somewhat  inaccu- 
rate. f urthermore,  similar  comparisons  with  other  engines  are  necessary  to  assess 
the  v ili  .uy  of  the.pry’dictior.  method. 


f 'niifi  ir;.»on  With  Similar  Papers 

•i'li.-  analysis  and  prediction  scheme  described  extend  the  empirical  work  of  Ho  and 
I e.iriek  * from  burner  combustor  noise  to  the  core  rngine  noise  af  full  scale  turbofan 
eirgn.e.-..  I In:  extension  of  the  theoretical  work  of  Sir  a hie*'*  to  permit  comparison  adds 
ciedem  : to  the  burn«:r  prediction  method  of  Hu  and  Tcdrlck,  but  the  extension  to  the 
small  e igme  combustor  noise  prt-.dic  tiors  method  was  no.t  examined.  The  resulting 
predit  fon  method  of  (iraiuleJ  < bmparca  in  part  with  the  prediction  method  of  Ho  and 
Teiirii  k for  burner  rigs,  but  not  ior  engine  core  noise.  The  derived  prediction 
method  for  transmission  coefficients  through  the  turbine  and  exhaust  nozzle  have 
not  bee.  examined  by  other  investigators. 

Ky.ihi.it  tm  of  Paper 


The  prediction  methods  of  this  report  have  nol  been  sufficiently  validated  to  be 
of  much  u.ic  in  predicting  con:  engine  noise  of  helicopter. 
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Grande,  E. , "Exhaust  Noise-  Fic.J  Generated  in  the  JT&D  Core  Engine  - Notse  Floor 
Presented  hy  the  Internal  Noise  Sources",  J.  of  the  Acoustical  Society  America, 

Volume  55,  No.  1,  January  1S74. 

Purpose 

This  paper  presents  the  results  of  an  experimental  /analytical  study  to  determine 
the  strength  of  the  acoustic  radiation  generated  in  the  combustion  and  turbine  stages 
of  a JTmD  core  engine  and  transmitted  through  the  primary  jet  exhaust  duct.  Results 
show  that  internally  generated  noise  is  a significant  component  ot  core  engine  noise. 

The  work  is  of  interest  in  helicopter  noise  studies  because  turboshaft  engines  may 
also  exhibit  appreciable  noise  from  these  sources. 

Summary 

The  acoustic  field  within  an  extension  of  the  core  engine  tailpipe  of  the  JT8D 
engine  was  measured  by  an  array  of  microphones  flush  mounted  on  the  duct  walls.  A 
theoretical  analysis  was  made  to  develop  a mathematical  description  of  the  sound  field 
w thin  the  engine  to  permit  interpretation  of  the  cross-power  spectral  densities  of  the 
microphone  signals  and  to  determine  the  amplitudes  of  the  propagating  modes.  Good 
agreement  was  determined  between  the  measured  and  theoretically  determined  cross- 
power  spectral  density.  The  transmitted  power  was  determined  and  far-fleld  sound 
pressure  levels  were  calculated  using  directivity  patterns  from  model  scale  Jet  mea- 
surements in  which  the  dominant  noise  field  was  generated  In  a plenum  upstream  of 
the  jet  nozzle. 

The  results  show  that  internally  generated  noise  la  a dominant  noise  component 
from  the  core  engine  at  large  angles  from  the  jet  axis  for  low  engine  power  settings. 
This  suggests  that  in  turboshaft  engines,  with  their  high  work  extraction  In  the  turbine 
stages  and  low  core  engine  Jet  velocities,  the  internally  generated  noise  Is  a signifi- 
cant noipe  source. 

Comparison  With  Similar  Papers 

Thla  paper  shows  that  observed  levels  of  "core  engine  noise"  measured  In  the 
far-fieid  of  turlxjfan  engine  can  tw  accounted  for  by  measurements  of  the  scouatlc 
field  within  the  core  engine  tailpipe.  This  study  adds  additional  validity  to  previous 
work  which  has  suggested  that  internally  generated  noise  upstream  of  the  exhaust 
nozzle  is  a source  of  significant  noise.  No  attempt  has  been  made  here  to  determine 
the  source  of  Internal  nol.w  nor  to  relate  the  noise  generated  to  other  engine  operating 
parameters. 

Evaluation  of  Paper 

No  prediction  methods,  trends,  or  relation  to  other  operating  parameters  are 
available  in  this  report.  Thus  the  report  is  of  limited  Interest  for  direct  application 
to  turboshaft  engine  noise  prediction. 


75 


licai  Rar, art 


IX  V-MUlliesi,  iuly-bVCeinhcr,  lu73. 


i -Lie  six  volume 'report  •.unramed  the  work  conducted  under  contract  F33615- 
Tl-v'-i  (G7  ijt-t>et*n  the  AtKesearch  Manufacturing  Company  of  Arizona  and  the  Air 
,/r  Aero  i‘ r..;.  a!  s ion  l.uLn  xturj . The  objective  of  the  work  was  the  development 

f u-ebto;-!.,'.  i.-t-ie  ne.  nry  to  reduce  the  noise  signature  of  small  turboprop 

and  iurbotan  eiiKinea  to  minimize  their  detectability  in  low  altitude  reconnaissance/ 

.c.;r.  . ili.triet:  military  missions,  i he  program  summarized  included  1)  development 
or  pc..-  :;et.on  methods  lor  til  the  sources  of  snt-u  turboprop  (turboshuft)  and  turbofan 
e:.j>.r.e.--.  dupmont  of  a duct  acoustic  treatment  design  method,  3|  tests  of  ma- 

’.eriala  suitable  as  acoustic  duct  liners,  is  acoustic  tests  of  an  unsuppressed  turbofan 
ii.vLu.ii.tg  comparison  with  pi i. dieted  spectra,  5|  acoustic  tests  of  various  inlet  mufflers 
and  •.  xh.va.-it  duct  treatment,  anti  e)  an  analysis  of  the  performance  and  weight  panalties 
for  noise  suppression. 

Kun  marv  of  Executive  Summary-Volume  I 


this  volume  suninnai  i/us  the  technical  objectives  and  desired  end  products  of  the 
program.  il-.,ults  of  tin-  three  test  phases  ot  the  program  and  conclusions  from  the 
overall  program  are  included.  Of  interest  is  the  overv'ew  of  the  program  provided 
in  figure  1 tpg.  2j  of  this  volume.  Here  it  is  shown  that  the  work  in  the  program  was 
.•;i'.  Mi  d into  three  major  categories,  tj  development  of  noise  prediction  techniques, 

_*i  developing  effective  noise  suppression  techniques  including  associate  performance 
and  weight  pan.iities  and  :t)  ccudact  of  engine  Hosts  to  demonstrate  correlation  with 
predit  ti  iii  <>i  .suppression  techniques  developed  in  the  other  phases  of  the  program. 

For  engine  noise  prediction,  the  engine  noise  sources  are  divided  into  three  main 
areas:  inlet  noise,  exhaust  noise  ami  mechanical  noise.  Inlet  noise  is  that  produced 
U the  inti  .md/or  i ompxe.isor  radiated  .l*»ib  forward  ami  rearward -from  tlie  front  of 
' the  engine.  It  . noise  qxwlruin  consists  of  di.-irreut  frequencies  at  the  fan  and  com- 
piessor  l.ia.le  passing  frequency  amt  La r monies  along  with  broadband  noise.  Fan  and 
compressor  noise  arc  predicted  by  an  improved  version  of  the  method  developed  by 
Smith  ant!  Hou.m  . The  Improved  version  presented  in  lids  report  allows  prediction 
ol  the  mdse  ot  centrifugal  compressors  in  addition  to  tin;  axial  compressors  treated 
by  .irnilh  and  House. 

K.ih  itisl  noise  consist  » of  jet.  noise  and  core  mdse.  let  noise  !.s  produced  by  the 
primary  ..mi/o.  •.i.romiary  air  leaving  the  engine  ami  mixing  with  the  ambient  air. 
Core  noise  is  produced  within  the  engine  ami  escapes  via  the  primary  exhaust  nozzle. 
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Jet  noise  is  r-*  •'  i.'o...  a in  t:i<  J based  on  the  standard  SAE  procedure  . Core 

noise  is  r;s;»un.«  d n K.  .->  ro>,rt  to  >x.*  combustor  noise.  However,  it  is  pointed  out 
that  further  expar.s;  ji  the  tore  raise  prediction  methodology  will  result  from  the 
DOT/FAA  sponson:  ■ , rogram  comtfted  by  General  Electric*3-  Combustion  noise  is 
believed  to  bo  one  i i . n-  most  significant  core  engine  noise  sources  in  small  turboshaft 
engines. 

Mcchanic.il  noise  consist?  ot  gear  noise,  auxiliary  equipment  noise,  and  casing 
noise.  In  turlxishaf'.  engines,  gear  r mm*  must  !.e  considered,  as  gearboxes  are  used 
to  drive  the  propeilei , rotor  or  auxiliary  equipment.  Auxiliary  equipment  noise  is 
that  produced  by  fu^  1 and  lubrication  pumps  im. anted  on  the  outer  cage  of  the  engine. 
Casing  noise  is  due  ‘ fluctuating  lore*.*:  produced  tn  the  engine,  either  from  aero- 
dynamic or  m.'chk't!  causes  which  are  transmitted  through  tne  engine  casing  and 
result  in  external  noise  rrdiaiion. 

Gear  noise  is  [ r‘*;lii  ted  u.th  an  cmpni.al  procedure,  since  little  basic  work  has 
been  done  to  allow  ,>r<  dictions  from  basic  noise  generating  mechanisms.  The  spectrum 
of  gear  noise  i.>  dominated  by  dis<  root  frequency  peaks.  For  spur  gear  systems,  the 
dominant  frequency  component  corresponds  to  the  tooth  meshing  frequency  or  its 
second  harmonic.  The  wide  variation  in  gear  systems  makes  an  accurate  prediction 
procedure  impossible  to  develop  at  this  time.  Therefore,  the  report  recommends  use 
of  measured  spectrum  shapes  for  gearboxes  of  similar  geometry  to  the  one  of  Interest. 
Then  the  empirical  procedures  can  be  used  to  extrapolate  the  spectrum  to  the  desired 
configuration. 

Little  information  on  auxiliary  equipment  noise  was  found  in  this  study.  An  order 
of  magnitude  prediction  procedure  is  included  based  on  a fuel  injection  pump  prediction 
procedure.  The  casing  noise  prediction  procedure  was  developed  from  generalization 
of  AlHesearch  and  Boeing  measurements  and  is  considered  to  be  a function  only  of 
mechanical  horsepower  generated  by  the  engine. 

The  proce  dures  discussed  above  are  included  In  a computer  program.  Of  Interest 
Is  the  correlation  between  measured  and  predicted  turhoshaft  engine  noise  shown  tn 
figures  10,  11,  and  12  of  this  report.  Overall  directivity  tn  figure  10  Is  seen  to  be 
generally  gocxl  except  in  the  alt  quadrant  from  HO  to  ISrt’,  where  predicted  levels  are 
as  much  as  t;d!i  high.  Figure  11  shows  quite  good  correlation  between  measured  and 
predicted  inlet  noise.  Then*  does,  however,  appear  to  lie  tones  in  the  measured  spec- 
trum at  1000  and  1000  Hz  whieh  are  not  predieted  by  the  method.  Figure  12  shows  the 
exhaust  noise  comparison.  Here,  tin*  laek  of  agreement  at  mid  frequencies  around 
SCO  Hz  is  rllatrublng.  I he  lack  of  similarity  in  tl»  measured  and  predicted  spectrum 
shape  suggests  that  further  work  Is  required  in  predicting  turboshaft  engine  exhaust 
noise. 
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. •*.:  .*.*.1  i;. *.v-.i.ui  j j i ore  ■ i'c  s '.iic  diAtussed  i [i  the  report;  i s an  aimlytlcai/ 

....  . it.  ..i  jrf  wni.  Jj  .lds-rmim-!*  the  optimum  liner  impedance  for  sound 

all-  ;.-no  •.vu-rrs.uv.s  n.e  material  w hieh  matches  this  required 
mi:.;  e ’/■,  ,i  -empirical  procedure,  -i  an  analytical  self-optimizing  procedure 
. . ; >.d  n,  • \u-  ..j-:  -:.  a;;-.]  ;;  an  empirical  procedure  based  on  generalization  of 

> -i  ■ -f  h«  r i.tye  tigatnrs  working  in  the  duct  liner  design  area.  Com- 

■.  ,i  ,/i\  a.:...-.  ,n<.i  tv.  t ?.,r  duel  liners  are  presented. 

T..r!.-...-.nat:  me  i.  d.-;  were  conducted  wv.h  and  without  suppression  to  show  the 

. raj. pi  --  :.-.eJ  -m-poa  noise  prediction?  an-!  to  establish  the  optimum  sup- 

;.p-  iion  .\it--i;u.!Uon  achieved  in  i .i  „ciave  bands  is  sununarir.ed.  ■ Also  the 

i-'  : :-ii  .„.i:;ce  * ■ p-  sullies  for  suppression  are  summarized.  A few  ..  -lamplea  are 
o . . a au  to  .n  is.  at.:  how  the  lai  ,,c  iuppre.; aioti  p:n  kages  might  Iks  intejrnttcd  with  an 


.-i-n.rr. of  \oi„>-  Prediction  Methods-V  olume  H 

'i  ; . oi'..;ne  .nJi.  inarii'.e.-;  the  0a<  k^rca'-d  si miy  necessary  to  develop  the  engine 

r.oi.,c  |>:*»-di(  lion  pro*  t :iuu  wfci.  h was  disc  ussvd  a love  in  the  Volume  I summary. 

M ai  oo.  tic  i.'.i  oi’.  oii  the  iRcehauianis  important  in  engine  noise  generation  are 
in-  1 elm;  :i:a it  si:  oleine  i.  ’i . . I ■ha;,  from  Aiftesoa reh  engine  tests  is  evaluated  as 

i.,  i hjjjii;.',  accurate  prediction  methods.  Several  comparisons  between 
s.iurmi  jind  inviisetcd  .!: nativities  and  ..pet  tr;s  of  iurbcfnn  and  iurbo;ihoU  engines 

\il  '*  4* 

:-u.nr.  si”.  - -i  i j- ,tl  rv  ,i<n  a nd  Predic  tjon  Mcthodfilory  /Materials  Tests- 


Vciume  lil 

The  !••,»■!  .p  ound  from  the  literatim*  on  duet  liner  attenuation  prediction  Is  reviewed. 
Ai  io.ihe  ifiuit.{  hi  bud-  •i.mI.-i  on  /uri./'i-,  i aft’lidatc  duet  llnfr:-*  euteriuls  are  presented. 
Mi-.e.-tii • •i.v.nt  . -include  level.-:  o!  .n-i ai, Mow  rc.riritance  jw  t fimetf  iii  of  steady  tilr- 
ilow  •. ■slo'  it---  * .uidi  a sample,  airborne  aroimlie  absiorption,  and  resistive  and  re- 

active *-*>niri*:;ietit»  ,*l  an  <m  sue  inrijyd  men.  i hiu  Inform  itlon  is  of  value  in  eHtahllshlng 
duel  liiii:i,'.  > rd<  rial  whi*  !i  nsoat  chisely  tpproaidsj’.s  the  optimum  liner  material 
>j/oriliioj  iii  »he  duet  linli.g  ilestgn  prtx  edure.  The  pi-edletton  ineihtKlulogies  ilhicunsed 
os  Volufse"  1 in-  de.ierii^-d  in  .!•  tail  uni  :,:i-uii:tlon:i  of  l/.'J  ofdave  band  attenuaUnn  levels 
lie  eoi'iparcd  *-vn ti  ine.i  iurt  tiieuis. 

ot  1 •!■•  *.•  ■]< r'jj  ! ns|ln''  s ;<■  ns.;ii  't.r  ii inn  TT • [V 


T.'|<:  full  .ie.fl,:  •tisrho.'iii.d't  Ijs.y.l.w  liol.n:  testa  to  c.utsdilh.dl  !he  levels  of  OUHUj.'preHHed 
engine  indue  usd  she  eileel.  of  vsuious  eaivildate  Inlet  and  ex  haunt  ntleneers  arc  huri- 
iri:iii/.>  d ui  ’’.  -.I',  volaoic.  Aer md\n:,nne  and  weight  jieiialtlen  tin  fund  Ions  of  various 
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Summary  o!  Turhoprrp  Kngine  Demon  at  ration  Tcsts-Volume  IV  (Conti 

operating  and  configuration  parameters  are  also  summarized.  The  application  of  the 
optimum  inlet  and  exhaust  silencer  ''onfiguratir.n  to  turboprop  and  turbofan  aircraft 
installations  is  shown  in  artists  concepts  of  quiet  reconnaissance/surveillance  air- 
craft. 

Summary  of  Data  T tl. muttons -Volume  V 

All  of  the  engine  test  and  acoustic  materials  test  data  lrom  the  program  are  com- 
piled in  this  volume  Operating  conditions  foi  tl.a  engine  during  the  tests  are  included 
to  allow  interpretation  of  the  test  data.  This  is  a sc'  of  definitive  data,  as  the  engine 
is  driving  a quiet  <K  nainometer  during  the  test  so  oni>  engine  sources  are  present. 

■Summary  of  Noise  Prediction  Program  t sers  Manual-Volume  VI,  Part  I 

A computer  program  listing  of  the  engine  noise  prediction  procedure  is  presented 
in  this  volume.  This  volume  also  includes  discussion  of  operation  of  the  program  and 
some  sample  cases. 

■Summary  of  Duct  Design  and  Attenuation  Program  l.’sors  Manual-Volume  VI,  Part  II 

Program  listings  lor  a theoretically  and  an  empirically  based  duct  lining  design 
procedure  are  presented  in  this  volume.  A discussion  of  the  differences  totween  the 
two  procedure's , discussion  of  the  operation  of  the  programs,  and  sample  cases  are 
also  included. 

Comparison  with  Similar  Papers 

i 

This  report  must  lie  compared  with  papers  In  three  arecs:  T)  turboshaft  engine  i 

noise  prediction,  2)  turboshaft  engine  noise  evaluations,  and  3)  duct  lining  prediction 
methods.  In  the  turboshaft  engine  noise  prediction  area,  the  work  of  Smith  and 

House*1',  which  was  used  as  a reference,  cannot  lx;  considered  complete,  although  , 

it  was  the  pioneering  report  on  engine  nols**  prediction.  The  work  In  progress  by  , 

General  Kleetrir1-*  Is  a more  In-depth  treatment  of  turlioshaft  engine  noise  prediction  1 

and  also  Includes  an  emphasis  on  source  noise  and  how  the  sources  can  f«  suppressed, 

while  this  report  emphasizes  the  prediction  of  current  technology  engines,  in  the 

turboshaft  engine  noise  evaluation  area,  many  tests  have  Iteen  cnmluete.l.  However, 

the  data  in  this  report  is  well  documented  and  the  engine  was  driving  a quiet  dynamoin-  j 

eter,  so  tin:  data  will  Is;  of  long  term  vulue  to  reseurehers  In  engine  noise.  M;uly  duct  . 

lining  prediction  methods  of  analytical  or  empirical  nature  exist.  The  value  of  the  j 

method  developed  In  this  study  Is  the  resulting  computer  program,  which  can  be  easily 

used  by  other  duct  liner  designers.  I‘.  is  not  clear  that  any  of  the  duct  liner  prediction 

procedures  are  the  N'st  at  this  time.  Many  comparisons  between  measurements  and 

predictions  are  shown  which  verify  the  accuracy  of  one  or  another  method.  However, 
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.he  joarco  r;c.i:>c  of  a prop  Jaor  aa  well  as  the  way  in  which  a duct  lloer  operates  on 
prr.Jir.iiii  ‘a  stiii  not  ccrnpleudy  understood  and  therefore  a ay  current  pre-. 
prov'ciiure  will  hr.ve  u.niUtlor,a.  .'Tha  continuing  work  I»y  both  government 
and  inuustry  reaearchera  will  he  required  for  the  development  of  accurate  prediction 
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( It* h Turbine  Kngines'*,  Inter-Nm.-.i  72  proceedings,.  Oeiober  1572. 


Purpo.se 

This  report  is  a preliminary  rckas;-  of  part  of  the  work  described  in  detail  in  Air 
Force  Aero  Propulsion  laboratory  Techmcji  Iteport  (APAPL-TR-73-79).  The  objec- 
tive A the  work  reported  v-as  th«,  di  v*  lopm*  nt  of  noise  factors  tc  predict  the  combus- 
tion noise  of  small  gas  turbines.  }■  nations  arc  shown  which  permit  prediction  of 
acoustic  power  level  generated  by  a given  design  and  farther,  to  predict  the  effects  of 
changing  engine  design  parameters.  The  w>>:  l < .*  firbr, shaft  engines  is  of  interest  in 
helicopter  noise  pn  diction  and  is  disc'i.«s*-.i  i«o  a.  * 

Summary* 

One  of  the  most  significant  sources  of  noise  from  small  turboshaft  engines  is  the 
combustion  process.  The  temperature,  velocity,  and  density  gradients  that  exist  in 

the  high-speed  combustion  flow  cause  a characteristic  low  pitched  roar.  This  com- 

bastion  noise  is  .i  higlxiy~rumprcx  phenomenon  Tumpotintied  by  interaction  with  the 
blades  of  the  turbine  section. 

To  develop  an  understanding  ul  the  engine  parameters  that  control  the  generation 
of  combustion  noise,  two  approaches  ha\e  been  used  in  this  report.  First,  an  empirical 
evaluation  of  potential  noise  factors  affecting  exhaust  noise  was  conducted.  Second,  a 
similar  expression  was  derived  dimensionally  based  on  the  energy  output  and  this  factor 
was  compart  d with  data  from  both  combustion  rig  and  engine  tests. 

I he  equations  developed  provide  a method  for  ihe  small  turbine  engine  designer  .j 
predict  the  acoustic  power  general!  ti  by  a given  design  and  also  to  predict  the  effects 
of  ehanging  design  parameter.  However,  no  attempt  is  made  to  determine  the  dif- 
ferences between  rig  and  engine  results. 

Comparison  With  Similar  Papers 


This  paper  is  derived  from  Hamit  Ailtese'iroh  Iteport  No.  S.  I).  5005,  May  10, 
1972  by  Hu*  same  authors.  !i  covers  part  of  the  wo^k  described  in  detail  In  a six 
volume  real's  i ailed  'Small  Turbine  Knginc  Noise  Reduction,"  Air  Force  iteport 
AT  MM  - l it  V'i.'j  wutti  n by  a veral  authors  from  Aiitesearoh  Manufacturing  Co. 
in  PiV.'t.  I in*  • ••ri  elation  ck  |t,r  developed  in  this  paper  is  used  lor. core  engine  noise 
pp  i'j.-tMii  in  : b.diadv,  et  ,ii-^.  A comparison  of  this  correlation  factor  with  others 
{<)<■  r oeibii'.tlon  not*;*-  pre--ti>-ti<>n  by  Kami,  S.  H.  and  EiriwrMng,  wfi  shown 

Mgr.ifleant  d die i cnees. 
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Huxf,  R.O.,  (lark,  h.  i . and  borsch,  K.H. , "Interim  Prediction  Methyl  for  i.ow 
Freuuencv  Cota  Hr.,1!..)  Xoi.-.o",  NASA  TMX-71ti27,  November  1574. 


Purpose 

The  purpose  of  this  paper  is  to  select  a low  frequency  core  engine  noise  prediction 
method  for  interim  use  in  the  NASA  Aircraft  Noise  Prediction  Program.  A review  of 
the  literature  and  compilation  of  numerous  available  procedures  shows  significant 
differences  in  prediction  methods  and  suggests  the  primitive  state  of  core  engine 
noise  understanding.  The  prediction  method  selected  for  combustion  noise  is  derived 
from  turboshaft  engine  noise  data  and  is  of  particular  interest  in  the  prediction  of 
helicopter  noise. 

Summary 

l ow  frequency  core  engine  noise  has  been  observed  and  measured  on  a variety 
of  existing  engines.  However,  the  core  engine  noise  is  difficult  to  separate  from 
other,  more  significant  noise  sources.  In  most  cases  core  engine  noise  has  been 
deduced  from  turbof.tn  engine  tests  with  suppressed  fan  noise  and  operating  at  low 
power  to  mint ts  're.  \>l  noise.  Jet  noise,  estimated  b>  existing  prediction  techniques 
is  deducted  from  the  total  engine  noise.  The  residual  core  engine  noise  is  consequent- 
ly limited  and  of  questionable  accuracy. 

A survey  of  the  literature  shows  in  general  that  the  source  of  core  engine  noise 
is  internally  generated.  Some  of  the  probable  sources  are: 

1.  The  combustion  process 

2.  Flow  around  internal  olist ructions 

3.  Scrubbing  of  the  duet  walls 

4.  I.oeal  temperature  fluctuations  or  hot  spots  flowing  through  the  turbine  and 
nozzle 

A number  of  differ- -t  c orrelations  and  resulting  prediction  schemes  have  been 
reported  covert r*  limited  groupings  of  engine  slz.es  and  types.  A variety  of  para- 
meter-- i an  iltlfi-i'cn!  |>uwrr  relationships  have  been  proposed  from  results  of  engine 
tests,  component  tests,  and  theoretic  nt  studies.  The  parameters  effecting  core  noise 
which  arcs  most  frequently  found  In  literature  are: 


I.  ( 'umbust |or>  < handier  tc  mpertiture  and  temperature  rise?  rnis<*d  to  powers 
from  2 to  ■»,. 

li.  r<;mbuB!|-..>i  i hsmber  pressures  and  pressure  ratio  raised  to  powers  from 
1 to  3. 
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i . I,-ar  ;.h.i;  li.j  . nt-r.il  .uCr-.  c r.'.'-ril  has  U-eft  reached  on  the  important  j'ovc- riling 
..  ’ j}.  ■ i -n!-i.\.  - ill  t,i.-  ••;•  ,iv U-vols  ;.•:  «.-iv  ts's; -i.ji-.i-,  ..perwa, 
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• ii:  .*  ! ll.l.  1 ill  V.  il.  • » i'e  plesei.toli  mI'J'11  IS  I SIM  ,5  .ill  sil'llpt  U'itV  nut  ii.'Ull.lLiiltV  of 

p.i-ed  informal 'on  siti.slly  the  f-ijuat K,n  ,;iven  is  that  of  Motnin^er4*  for  the 

.!  -..i  [Mn  of  ’iu-  j*  *11  power  ii-'.i-l.  Added  curves  ,;i'.e  t!«.r  directionality  arid 

-f  hc-«.juWiTOend»ai.jiiri:xditiaa]ilA'-is  taken  from  Dunn  and 
i ,ii. i!  iii»-  » in  .-.j.,  ini,  ,1  spectra  shape  is  e.sscniiall,  the  SAi!  spectrum  for  jet 

!.  .i  i he  ii(  -(.»  le  v ot  peak  of  tl:e  spectrum  is  also  taken  from  Inina  and  Peart 

a tuv  ,;-,t  i >.-i  • ii . <n.  I.  is  •*ii;y;e  ste'l  thsir  a peak  SiV'Hi.-ncy  (it  400  if/,  tw.sub- 

'...'•  >i  j!  ! ' < I .ill  .!  lie  i : 1 1 p.e.u'V  f ills  ntit.hSe  I lie  rnnpe  of  Itt'l)  (u  1000  ii/., 

. 1 ie>.  it  * •-.!  »<..  • an  it  ii)  Progress  <Jt  -el.j  ieti  1 1 ,;j t . or.sider.dile  work  is  U-hitf 

<:  i«.  n:  prove  the  in,- 1 :t.,::<li:.i;  . ,:i«i  pie. Ik  I i-at  of  core  iMipnc  noise.  An  extensive 

!.  >*  ■/:  i e.  oiiiin.  i, i!e.‘  -i< * ;,;i.i;,al  ,i  ...  arel,  indie.it>  ::  J.iuaif  areas  <vh<-iv  iniurrniliou  is 
! !•  I nr. IP,,  In  r<  port  i oiielud*  s with  pertinent  rr-tnaiks  which  ilt.urH  liulleatei 

M;  it  !.e  .late  — ,|-ll.e-,,i  r tor  predu  tuij.;  erne  ••nj' mi-  coitil.usUnii  noise  in  the  tar-field 

is  m it  > i nt .tin  v.  ■’ 
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iisi  imi.  paper-,  k.v.e  l«  en  published  which  prnvide  a partial  review  anil  rum* 
psii  .on  ot  prior  work  on  or,,  i-i—ine  noise.  New  iiilonsi.iliuti  i:«  ,;ener;dlv  lidded  and 
,i  -■.  e.  .',,!ii  ni  ;>  <r  •!  par  itiieter:;,  and  eor,-  ei[u»>nit’,  le.'jv  or  dilfei'ent  predi.  tion 

pi  ,11  . dill  I-.,  are  peopo  ,ed.  i i : 1 leport  present no  ■■:.-.e[lti.illy  new  lltt-.ll' lli.lt  ii  -it  t tillt  IS 

a.  i in  •- --:i-i- 1 1»  nl  o.i-r  ill  a,rv.  y , eoi.il.  iio.it Ion,  aud  -.iiinm.irv  ot  many  puiiiistied 
’ i e ! i -,n  i j 1 1 > -Ii, .1:,  • -|  u . 

" .‘Ii  Ij.pl  I,  d l<  i if'ii,  >.  1 .11  lr  litre.,  ii  nie  ol  > liipi'.e  ik.ta,  and  fan  I. iini-ilt.il  reriearch,  - 
vl.e  e i i . ei:e-j,:ni.*iii  >,  tnijj,  lie  iiinide i ‘ d.  A « inivi  i-.ieiit  i aide  It  d i the  v.rjei enei-s 

is.  ! j - a id  it  lea  l lie  i . j -.  it  1 1.  Pi  ■' ii„ 1 1 ioii  emit  lined  :n  ■ nil.  pi- 1 1 tiiiui  i nt , o mat  i.  mi  t nun 

•ai  ;i  re|i  i --ii*  i'  | i ,!,  ..  i ed  a:.d  i|>r  pri  .lit  t i*i:i  ':|U.iiloil  and  pai  .inn'tera  ire  i otl.'eted 
in  ! side  lorin  to  |n  i nut  • i,ni|.ai  i:ion  ami  evaluation. 
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Evaluation  of  Paper 

The  equations  and  curves  contained  in  this  report  permit  the  prediction  of  core 
engine  noise  of  turhoshaft  engines.  While  questions  remain  as  to  the  validity  and 
accuracy  of  the  method  it  appears  to  be  the  lest  available  at  this  time.  The  procedure 
has  the  advantage  of  simplicity  and  commonality,  but  is  probably  limited  in  application. 
Continuous  improvements  in  the  method  can  be  expected  for  some  time  to  come. 

The  review  and  summary  expose  the  problems  Ln  defining  and  predicting  core 
engine  noise,  A short  overview  of  extensive  work  in  progress,  numerous  recom- 
mendation, and  concluding  remarks  constitute  a valuable  commentary  on  primitive 
state-of-the-art  of  core  engine  noise. 
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A [(••.  if.v  lit  • i!r::!.u~.ifvr  reported  in  sevoial  velctvntvs  shows 

irn»\-.  i;i  r>;iu!ii  • : > A iv>i;Rvior  the  wide  va rielv  Ol’Vonititious  A~' 
;•  ,n-ii.  i.v-iv  i-iji-  ir  in  S ,i * nme -.uheti  liseropanvios  in  t tie  correlation  ol  acoustic 
>•  r -v  a i..»n  !<•!  ••■  i;.:  U>H>  sir  rh-;  combustor  nois-  -.nil  online  cum- 

1 ..  ' ; j t,.i  i<  . - .1 1 ;,.u  .lusters  appeal'  to  !h’  .ii:'  mass  ilovv, 

ii-mi  v. :■  A:..-  .-'..n-itu-  i . an  )*•  4 .»t  u’...!«  d,  ,ind  the  fuel  Air  ratio,  whi.-h  is  related 
:■<  ::  r;:  :!■  ere , th>  ;<•  i ■ a i •••v.l.e*  ;u  the  relative.  offset  of  !!'.<':**.•  parameters. 

i • • > .in  < r.  .i.i : * U:.  t.»r  test  are  ;-lio,vr:  wl-.-,.h  correlate 

;!.»:*  I ,.,  -vi  i .:f  ••  it.,w  n;  ! !!.:•  M-i'nivI  juracr  »I  III.'  >tui*'  *'»?-*'-  I wn 

-**51.-1  * :it  o|  , i:;,;  • .ii  t.in  :itin,r,  ;-tn>w  a •!»:.*  •:!%-{  .iitSi-ivm-c. 

ii  I-.  . i.'  ;•  ^ti-d  ill  it  tlii.-i  .jiilt  i.  .-ii . ot.iv  i--  a»‘t  »>unt*Ml  lor  bv  flair.r  spord  as  unlioatril 
1 ; .ii,  l iS In* r ,s.  tv  tl-.ru*  • jxnni  was  not  nicanun*d  in  this  lost  prw- 


iuii  nf  i iiiilm-.t  ir  : !•  1 1 ... ■ In  |iti.*i\  pn-si-nls  uni*|U<'  jiiiililrin*;  iin  iudinj* 
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In  order  t o complete  the  prediction  procedure,  spectrum  and  directivity  have 
also  teen  prepared.  These  were  derived  by  examination  of  data  from  all  three  types 
of  engines  and  component  data  and  represent  a test  fit  to  the  data. 

Comparison  With  Similar  Papers 

This  paper  is  derived  from  recent  work  by  Genera*  Electric  under  DOT/FAA 
Contract  No.  DOT-FA72WA-302313.  The  emphasis  here  ia  on  understanding  core 
engine  noise  o 1 larger  engines.  In  contrast,  the  work  of  Shahady,  et  al  ' ia  concerned 
with  small  turbopropulsion  engines.  The  resulting  prediction  methods  from  these 
ief<  re  nee  s differ  significantly. 

lli  su!ts  shown  in  this  paper  are  Included  in  a 3 volume  report  of  the  G.  E.  work 
under  IX)T-FA72WA-3023.  This  collection  includes  identification  of  moat,  If  not  all, 
component  noise  sources,  noise  generation  and  suppression,  and  prediction  methods 
fu,  all  significant  noise  sources  from  turbopropulsion  engines. 

Evaluation  of  Paper 

This  paper  presents  new  information  regarding  the  correlation  and  prediction 
of  core  engine  noise.  The  discussion  Illustrates  some  of  the  difficulties  and  uncer- 
tainties of  available  prediction  methods.  Sine*-  the  information  here  la  limited  the 
reader  is  referred  to  the  final  report. 
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i he  re-.ofitlv  (.'Dili plrti.ii  GL  l ii'.-xl  report  to  the  FAA  (Contract  DGT-FAA72WA-302h) 
.ii  t'h.i . i Nuici  Control  is  a .-,i.ite~of-the-art  report  on  the  origin  and  evaluation 
.!  i.;ii  ail!  lioise  SOU  I . I.  , out  r ll-Ulillg  to  Core  t rsutr.e  Notse. 

: r-  .i  -rt  is  inii.-rot  :t  t-j  U‘  definitive,  summon-  report  including  the  identifi- 

v tiiHi.ii  „t  ih. ruling  iii!  ciKn;i.-»»;is,  c untrolltmj  vunaolcs,  and  prediction  methods  for 
v.  1 1 u . I i. imp'ii  ! ant  .oiurves  of  core  engine  noise  together  witii  propagation  effects. 

>F!!iW.i !’*. 


■J  he  h;..il  rep'jit  consists  ot  three  volumes  as  follows: 

Volume  I - Identification  of  Component  Noise  Sources 

"Volume’ if  ■ Tiierilifieatiort  of  Noise  Generation  and  Suppression  Mechanisms 
Volume  HI  - Prediction  Methods 

Voi  a me  i - hieiiUf  icat  son  of  rompor.cnt  Noise  Sources 

• IK  has  dt  luieiJ  core  • is %:;n:  noi.se  as  the  conlnhution  from  jei  noise,  ronilsusior 
no."»»*,  turl.ine  iioi if,  int‘*ra>'tioit  noise,  of >:sr ruction  noise,  casing  radiation,  com- 
j<re.:sor  ntis.it  , gear,  Ihm  rings  arid  pumps  noise.  An  investigation  was  inside  to 
d>  term  use  tin:  generating  met  ham-sms,  controlling  varial.lca,  me  ms  of  identification, 
and  the  ctfert  on  engine  design  if  reduction  were  rciuin-d  for  each  of  eight  core  engine 
noise  sources,  'i'lie  vaiiotis  :.our<  es  are  evaluated  ;;nd  rank  ordered  hy  predicting  the 
noi  :•>.  eorit rihiiti'tii  of  the  individual  eonipoiM'iit'i  t>v  the.  mi  thods  derived  during  the  course 
id  the  i nn'  i.ngtne  Noise  I’oiitnil  I’riy.r  tiirs;  The  predictions  arc  math  for  each  of  ~ 
tlifi  ••  i .poili.  tii  stl  cv‘  tea  f* j r I.,  jtse.ti  i.ttii;  of  i,  7,  smd  1 I roHpet  tin  ly,  which  were 
fo mm! sited  to  ciicompsi'.H  a rangi*  of  commercial  aircraft  powerplanti. . It  is  determined 
t!.  it  com iio. dor  noise,  jet  indue,  lurlili.e  and  mriuae/jct  interaction  rudne  and  oliptruc- 
li  til  is »{•**:  will  • on:.* Hide  1 1,.  i..a|or  not  •nitiiaes,  while  rasing  i.ullsoioii  and  etunproa- 
,i.i  noise  will  act  sis  ieco:i  I u-t  Hi,urei-s. 

'.'..)'i,ne  II  - '••!.  ill  i!  leaf  ton  id  No:  .e  G ner'ilinn  and  Guppren'nofi  Mechaiii  ona 

I he  i.-.et  Ii.iiii  .hi). t iif  noi’, • gene  rat  (on  ini  .ii.irt|ir*-'eiioii  for  the  various  cine  engine 
i»»ii-se  n’l/  i i s ;n  I’jrluds’ii  cnipnes  v .-re  d.  fmeil  from  aria!. ileal  and  t-Micri  mental  pro- 
i;cam:i.  .fo-Je),  i ompoiicnt,  and  enginr  'a  at  l.y  GJ-.  over  a p'-rpid  aevrsil  jears  were 
oiled  to  i’jh.'dsinUate  I lie  result, i of  .inalytleal  work  to  determiiu'  the  Ii.ihIc  psinmiidors 
governing  i oie  cnglii';  ndise  I'cun  atlon.  Tlie  renultii  nre  given  in  general  form  to  fm 
a|ij>lli  afiic  fo  a wide  vaifefy  ol  eyideii 
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Volume  11  - jii>-»=  ;l'ii  ;itiofi  of  Noise  Generation  and  Suppression  Mechanics  (Cont) 

.Suppression  i uncLvts  were  identified  by  analysis  and  experience  with  prior  sup- 
pression studies  on  high  velocity  jet  noise  and  fan/compresaor  noise  research.  These 
concepts  were  validated  through  model,  component,  and  engine  tests. 

Totalled  exp*  rimental  results  and  analytical  evaluation  are  given  for  the  following 

major  sources  and  effects: 


Jet  Noi be 

Coaxial  effects 
Suppression  Kffects 
In  Flight  Fifects 

Combustor  Noise 

Combustor  Noise  Generation 
Combustor  Noise  Characteristics 
Combustor  Noise  Suppression 

Turbine  Noise 

Turbine  Noise  Generation 
Turbine  Noise  Characteristics 

Interaction  Noise 

Obstruction  Noise  ' 

Casing  Hadi.itlOH 

( ’ otnprcHSor  Noise 

Volume  III  - Pieitl*  lion  Methods 

Fr  ’diction  mi  tl  o«l.s  for  core  engine  nola*.*  are  formulated  for  low  velocity  eoannular 
)<ts,  com  laid  or. t,  low  jirenaure  turbines,  interaction  I s' tween  turbine  tones  stages  and 
fan/core  jet  •itrear.is,  obstruction*  In  the  flow  paasages  and  casing  radiation.  The 
di  vclopment  Ik  !<a  ted  on  an  analytical  Investigation  and  model,  component,  and  engine 

test  riescrlls'd  in  Volume  It.  The  results  are  In  geoeral  form  to  be  applicable  to  a wide 
variety  of  cycles  Including  present  am)  future  turbofan  engines.  The  prediction  methods 
were  vultdated  with  measured  acoustic  data  where  poaalble. 
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i i . *i  khi'  ■ v'n**,  j . . M.ii.'i’  jii*  iii  c.ynv intionui  .ind  related  to 

t:  ■ * t i . t -•  i i '>  t it  i.  ■'  • i.C.'.'..*!*  • <lti>  1 C tilt  >>  i 1 j jtt  .1 . *.. 

. -.m.'.  .■  . -1  « •!  tu.l.  !:■).••.  '■  t T.V  jet  . To  .h-fiVtf  ih.;  <sui:-.c 

; i’.  ...n  j c.  ..a  u;  ..  • irtrt.s  the  .-iisgit:  jet  ivVt  la  b>  a cor- 

;-i  ti-j*.  !.*  . » r i.c|»  ,■*....  ?»t  . ij i ■ .i*  r vt*»»  il  » *jL*  «.  ar.o  ine  vt.‘  1 ;>*.  ity  ratio  ot  the 
. : . : ■ tr  :i  . u t>.  ! iKl!"  ' or:  ;;.c  a.vi  v.  itv  index  o:  the  loaniiul.ir  jets  are 

hfiyl  . «... 

i :.,  ■•■If  .'1  .‘l’.!  <•?!:, i 11. iia..  •••  r;»  lnu;'.:i  to  CulTi  i.ilii  With  air  flow  rate, 

:.i-;  ; . i ■ ;iw.t  t*.- n;{.i  raiure  rise  ref.uitiiis;  Iroru  tint  coa.bu.stion,  and  the  ih-:i&ii.' 

lit  ,;^i  J Jo  i ■ \ u.iliii;  Jut  • A i 'irtVi-iit'..'*  it  .lit  111.  en  i.ki'il  f j*  It  tUlblljel,  -I  j a*.  *iO* 

ui'.t  ‘.i  it:  ••n>4UKs.  t he  spectral  disirinuta.r.  i;--  j.<s.stir:eil  usia>:  :t  (,'er.cral 

....  . j.-*!  o .,!  the  inti  I-.'imijm*  it  *.v  is  t-.ujto  til.. I .ill  ’"■•(  i»v  ..  i ..mbustu.' i j > ro — 

el-  ••  • ...  iiii.iii.  i-:.  i.ii.  ,it  i.h.iji  ■: . turn  itutv  is  predicted  from  norn.uh.’.ed  test  data 

S * -■  l ‘ 1 Cl“.l  4 1*;.*.  i l.e  ■ . . 

i r. > ...  a.e.i  are  iiio.vr.-  tor  the  prediction  of  turbine  noise.  These  are:  1*  a 
,»ri  iiu.ii;  ;i  *.  11  .ti..,o  to  . i.i-i  t * N * . .a  ir,a.\ir..iini  angli-N  lij  a i-iHiTjTre  hehATve  "pi-edltif  Tdfi 
.i.i-t !;■- 1 t>.  (.i.e.  pie  « oi:  jilete  turbine  .1O1.se  spectrum*  and  !j)  a tochnijuc  for  evaluating 
i he  e-;.  el  - ,|  I.  n.;i.:'i  huiie.il  ••■or.li,, oration  variations  on  the  noise  generation.  The 
result  i ar«  e>.te!,  .,vo  proe,  dure.,  tor  pri-dn  ung  overall  noise,  spectra,  and  directivity 
»l  ootn  tori. me  .le.erc  te  tones  and  broadband  noise. 

I !..•  internet  ion  nf  a inibine  tone  with  the  I'aa/rm-.’  jet  stream  turbulence  results 
ui  a dr..p  i.i  'he  ;>■  -.oiii.d  pres  .ore  and  pre.id  in  tin*  signal  li.iiidwidih.  2 his  Is 
termed  In.v  .1  p i. m.’.".  Tins  re  udi  . in  (-!•.!, iges  in  turbine  noise  -.pcotr.i  shape  and 
dir.-i  tivitv  and  • an  alieet  jK’ia  eived  noi  e.  J’redietion  means  are  presented  to  deter- 
mine the  i eduelmn  in  peak  noise  and  the  fre*|ucncy  spreading.  The  eorrelation  is 
emi  ■.uii  r*  <1  .•  first  approximation  until  additional  data  Ixtcmv.c  available. 

\ ioeii.od  i : pre.-.eiiti  d in  predii  t tliii  ov.-iall  power  lev*  Is  and  one-third  octave 
hand  power  level  .p retro  lor  .leoustie  radiation  from  struts  placed  m a unilorm  smooth 
How.  No  means  are  provided  lo  yield  t In-  directivity  <>f  lhe.se  noise  sources. 

I older  . ell;. m eir<  umslaneea,  eai.iia;  radiation  . an  liave  a n.caMurablc  etfeet  oil 
• ngii.r  ;;o:  e spietHini.  I'a.-bug  radiation  is  not  drietly  another  noise  sourer,  but  lit 
in oil  • .ill,  *se.-|i,d.i:.  a. . •(»  n .in,’,  simplifi.  d prediction  pro.vduri  ;i.  Th*’  proedure 
,iiovid‘.a  ■ .* 1 1 1 v near- li--ld  i.  vel  i wil'.otil  directivity. 

< ..aioai  i .on  vs  ith 'diiiiln  Kipers 

.Many  pi  tor  report  have  •lineiiaM  d mdi.  plnal  neelioiia  of  the  mater!.:!  {.’jldi.ilif'd 
in  Mils  ihrei;  vol  line  report  which  repri-uent s the  work  done  on  core  engine  noise  studied 
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I'oiv.pansun  Vtith  Similar  Papers  (Cont) 

at  ( ir.  over  a period  ot  several  years.  None  of  the  material  is  essentially  new,  but 
has  been  revise:!,  improved  and  validated  with  new  and  additional  data. 

The  report  collects,  summarizes,  and  updatea  information  spread  through  several 

references. 

!'.•  alaation  of  Paper 

Working  equations  and  curves  are  presented  which  permit  prediction  of  core 
t • Rhine  noise  using  readily  available  engine  parameters. 


It  ibwt,;  1 be  emphasized,  however,  that  extensive  research  work  continues  in 
progress  at  many  centers  and  that  analytical  methods  are  not  advanced  enough  to  pro- 
vide general  solutions.  Updating  and  revision  of  the  recommended  prediction  proce- 
dures will  continue. 
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. . • ■ i!  i-  . ch-t  .t  xr*»inf:  aoi.io  prediction  ii.eii.u-.i  tor  ir.t<  rim 

• :i:  .....A.',..  r.-it  a •■••'•I  l so  Pro.;:  im.  A review  concludes  that  ai  de -ot~ 

- .:l  .*■  -c.  *t  :f. --t*.-.  ate  priiatlil c and  iii.il  the  SoicCte.i  is 
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; ■ rbi: ..-  o-o.-e  ii.t:-  n oh:.,---..  :i  and  measured  mi  .1  variety  til  esistir.;;  ei.M.ivm. 

!:  i'.m-'.i  s,  .1.:,:.  ! t- . tit  sun  -r  ...  1 . t .i.o.o.il  data  ! <.;ilv  a te.v  these  eitgi!.-.  . arc 

:..i:ui.,  ..\  .i:  f.,i  uH'uni:.t<!.:l  itvepts  to  coi  relate  turbine  noise  levels,  directivity 

mo  - ii a a-,  a function  >it  err.ji*;-.:  geonieti-/  and  operational  parameters. 

A s • :l  the  vv.j:;.  >>!  .•>!.. ti:  .•:.<»  -.iisheli  indicate*  tail  this  fir.it  pul «li. shed 

lari  in:.-  a. rot  relation  is  o.is-  i <ii  the  assumption  that  turbine  :md  tan  noise  genera- 
tion ..iv  -d  . i .r  T-vo  i-,-;*  s of  noise,  discrete  tones  and  broadband  noise 

M-t.  is;-.  • . i.ii  ..  pnut-.;.-  '*iirr*-l.iu-d.  suer  css  was  achieved  in  correlating 

tiros  1.  u .•  , but  tone  ts. could  tell  lie  correlated. 

! a:.':  i '•*:* rt  * **  ;::<.i‘!if!<  .;  »h--  I 1,  ii.sl  uiun  rt.-med  by  Smith  and  Hushnell  to  give 

hi- it  1.;  -a  nil  1 Miti-inai  limited  li.i!.in>-  ii-h-h-  data.  Ii.-vlatk.iis  of  <l:»ta  points  front 
l»r*  diet.  li  1 1 r.niae  ap  lo  1 dl!  ior  the  lundainental  tone  and  d!i  for  broadband 

lull  -e. 

Additional  !*•  -.I  data  available  at  N’ASA  I.nwii  Research  Center  on  several  a ire  raft 
.•as  -e  '■i..*np  »ii  d bv  1 |.e  eorrelsi ion  method  ol  | hum  ant!  Peart.  The  eompari.-nn  t.s  in- 
eoiii  In  .iv«*  .'ind  ui’lii  'ilions  ;!(••  th.d  preen  tioii.;  would  In'  p'.nr  fur  other  turNil.m  en- 

e,l!:-'  i.  ' ’ 

li*.-  pi!.-  the  obvious  lioul.itiuii  .-if  available  data,  the  tvtrljiue  noise  prediction 
4/1  eiid  pi*-  ••li''  -i  nv  I hum  .ind  I’eaii  1 , »-f  * -t  .r?i  in* -tti  b •«  t for  interim  use  in  I he  N A : .A 
Alii  I at  I ‘■•pi  Predict  inn  i'liy.ialii.  I'i*  dieted  levels  are  ip  roiii'.h  agreement  with 
! ie  1 .111  - il  t li  j i .1  iif  uni  e level  . litHii  a it'.'iol  iiT  o|  tinlxil  ,n  elt|’,i:ie:i  ill  rurrenl.  ii- . 

!'  1 I'-iadli  Kill  litil.-.e  | MI  I lie  il  ! i lol'i-u  have  !*•<■»  related  if)  relative  lip  \e|u.  Ity  of 

i*ie  iM'.ii-  •;  la  . I da.-.  , pinii.irv  ilia  . limy  ind  loeat  -.pe.-it  iif  .ound  ih  mj.i-raturO  at 
Cie  'ui  him  j |.  i.i  f;,  ol  ' -.1  rl p-'tii.*  Iiisr'i  ur  modll>!  .t  l:’t  tin*  add;! lied  p i rumelof 

of  p.dor  i pli o'  i|i.?eiiij'. 

I. •(!»;. » tuns  lad  f Inures  are  pre:,i  r;«'<l  lo  permit  prediction  ol  tar-  Held  Imlune  uolao 
iovi-I,  liii'M  i iv d v , and  tme  tliiid  is.  l.r.e  tjand  sjua  tra  is  a (miction  of  ■ ».•  jf.«;  pnrarnetcrji. 
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Comparison  With  <Jti.,-r  Papers 

This  paper  rcvn.ws  the  work  of  others  on  turbine  noise  and  selects  what  is  con- 
sidered to  Ik.-  the  last  available  prediction  scheme.  The  review  does  not  include  the 
latest  work  ol  the  L.E  EaA  Core  Engine  Noise  Control  Program1^  or  Mathews  and 
Perucchio16.  The  a ided  results  of  these  more  recent  experimental  and  analytical 
nv»e.-»*ig  itions  should  significantly  Improve  and  extend  the  turbine  noise  prediction 
capability . 

Evaluation  of  Paper 


Curves  anl  figures  are  pre  sented  which  will  permit  prediction  of  fur-field  tur- 
b'jie  noise  with  limited  confidence.  As  a temporary  interim  approach,  the  prediction 
pro.  edores  offer  the  advantage  of  simplicity  and  commonality.  Publication  of  more 
recent  work  will  probably  result  in  significant  changes  in  the  prediction  scheme. 


n 


! .:''i  j * ! » an  /»••*.»!)  * !i*W  »;i  !<•;!.•*  SOUT  v.s  ij)  ^lir  bfC3tl!lr»£  : 

: •*  . «>,;•:  «•*  1:-  »*rv  ?/*»:  tan  ami  'or  rt*ri:p;-i.-ssor,  turbine,  jet  ini  :::*  r- 

. .*  ; * jit.-i;.!-  mn  •••.  .v  ;.«•«?!  i!iv  it  i.m'.  *.i  •.  m v r.-sr.ary  to  : -it 

.•  ;*  x'a  . .:•■  • /V.*Ji  ‘i  ; *,»  .1  i?'  i»*a*  J J>**  i .•!  »j \pt*  riiiit.  Jif  Litiult  ‘A’iiidi  1'ilU^t  Iaj 

. . j . I ;.t  ..•*!*  ;!i  ill  HU  *•  * - i«  • - 1«.  \ iii'S  IlUVC*  ’.L.if  ‘ail  — 

• »«  . • ii? >1  !;« s .u^.'niu’.'ir.t  as  .*  inrcars  nr»:  reduct*!  by  ;j ».*.*» v*r  ? 

I . . • , • - . 1 

* • i 

i 


i .:.-j  nm  -.o  n.is  In  i.-ortu’  !})••  fonunant  .ii-ro-m'.j'im-  noi.-jc-  source  w::.!:  ::u\  c !0 
h.ji  ' , ■.»•  - i :s:  t<>  i,  bat  important  • •/tirccs  inciurfuu*  tailpipe  iVirc  erjjitu-1  natse  ; 

if>-  'i,.:::.'  apparent.  A v •.  t .imoant  of  work  »:i:>  bn.-a  done  which  shows  that  fan 

.Vfi—  ■;+:■.  '•!>..»  i;  . cvh'n;>:<'  pwr<-  t »ft  •.vfr*w»-.‘iiir rwt ion  nf -chn  Tatar -prtKSfirsr f teftrwntf 

• ...!.••(  ,;..i  -..cu  s '.vhi'-h,  tm'.ith.-i  vitfi  riih-miiforrnitv  of  rotor  Unoas,  propagates  i 

■ or  *•  • r .Mall ijtli’  pn:..-  ;<>nfs  also  :«ri.  from  shock  waves  at  the  leading  > 

. !,-.••  "a i*:,  j:i . i •-iiii.-  lip  i ii  :i.t  :.i-  .» r« • .il  ;•»  t oiKpoun  !••<!  by  iion-'.r.ifisrraitie:;  in 
iti'l  Ilii;.  i s oi  i lit  * ■ i * *.*•>  t ifi  !>••!  nopt.-r  'noise  only  to  tin:  extent  ot  similar- 

. oi:  joe-iair,  turboi  , or. -I  t in  uolae. 

i !■•  iii.io  • : a 1 1 < • ii  i s v m o.t  a : -omt  turbine  :.inin f.:  troin  • -n;*in«*  ineasuivn-.rutt:  lots 
I it  ! !:•■  i j. . i oli.iii  of  tii!  ■>  not  ><•  < I i on;  i >t In- r smin-t-s  such  as  fan  am!  <aini- 

!»r*-.,.i'ar.  i-  a iho'.v  th.il  on  th*-  |ht>  • - a v<-i  i nni:.i  .o-olc,  tin-  pri-s'-nt  at.i.’ifard  of 

i-:.  .i  if  I, in  aiiil  tin  him-  iw>i:o-  to*-  ill*-  it.  It.  ‘..’ll, an-  ol  oliout  '-<|ual  intensity  at 
.•i[>|ii'-i  i<  h ;niv.*  r.  I.M.-rt  .i  to  >»  }i;i i ot'-  af-.d  ti|<-ii( ifv  j>«is*ailil-  lailpipi-  sourres 
flow  -»-| . ir  iti-o:  of  Hu-  i-\|nii  i >irn t .1  »->i*  . an-l-oi  ••  *<it  .wirl  from  the  hirf'itr* 

1 Oilip  11  s -.11  V.  |!’|  vjls.ll  ~ . • . 

('•/I*  , i.-ii-  no!  ,i  i-i  r-  v*  1 1* -•  I »•:  <m  icip-iil  • ut.  nuiai-  ol  i-njiim-  ii'iiM*  in  !*.»•<  ,*sjn-r. 

')'!l  ; v.oi  !■.  !.i  . il.  un::;.  1 1 !/•- < n.-.i-  !.  ■ I • !>•-  pi  i-ii  -.s-irl.  on  Ian  not  prrv  to:;  ;| . .iitili.h- 

>.t  uni  -‘i  a lo  i n -•-•  I : to?  Ii.i!l.*r  a pirili-in  ol  iml.-n-  ja-nri  at  ion  mn-Lini  on;..  Many 

i I *.*.<  ••  o,j..  • i i ;ii  ••  in  i i,  ■ |;I..I  I .1  in  ! I! I Hill  .II  I-  Hull  I j i-I  -!,.'.il’i  .•  'l.  o ; i!o-|f 

i'l  iitl.i-r  I . 

! v - 1 ! n it  .•  :.  •?  i ■ i > * r 

i'i  i . ;i.  i"  i i.  "I  inti  i'-. I on!,-  ii  i in  fi.ii'.tl  ii  vjrw  ■•!  iinip.i  :'i.n  i-  -.0111  in 
tiirli'if.ii*  i-i-.-.iiii- 1.  .* ,’i in*-  ol  (lie  m. itt-r'al  i an  In-  n i • ••  1 illn-ctlv  in  | n j •- ii*  f . . is -I i.  ojiti- r 
tni  a-.  ‘ 
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in  Coro  Kn  r:nc  .in<i  Turbine  Noise 


t i;>74. 


Purpose 

This  paper  suru-n  :he  present  ilflVli  state-of-the-art  in  both  core  engine  and 
turbine  noise  technology.  ‘I  he  « har  u u-ristii  s of  I-oth  low  frequency  core  noise  and 
,‘ii^h  ire  , ..I -in-,  luiiiin.  .iwim  are  .•••viewed  . uni  several  possible  noise  generating 
mt'i  h.ini>ri;  . are  iiniii  a*.  .1.  ile.sulis  of  a te.st  program  using  a JT3I)  turhofan  engine 
are  -lest  riUd  which  .•  i.-  a tie  cii,  < t of  mn;or  noise  sources  and  propagation,  effects. 

Noise 'control  ol  m»uis  • s an  ! ih*  Deeii  for  1 jrtht  r research  is  discussed. 

Son.  :i,  ary 

l ore  engine  noise  is  that  g in-rated  bv  a variety  of  components  inside  the  engine 
gas  generator  and  exhaust  svrU  nt,  including  combustors,  turbines,  and  flow  obstruc- 
tions. for  the  purpose-,  of  tins  paper,  core  engirt  ndift*  is  defined  as  the  low  frequency 
n-ij»e  ih  ss  than  luiPj  1 j / 1 ihni- n • j u ain s- wla -n  prodh rtcrf  jet  noisetB  BubfracT^Trnm 
ine.isun  d engine  •>pi*i-*t.  a.  J-> obable  sources  art-: 

1.  1 >i i et  t noise  from  the  burner  icsuiting  from  pressure  fluctuations  during 

combust  ion. 

V.  Indirect  burner  noi>c  from  velocity  and  temDerature  fluctuation:'!  interacting 
with  the  turbine.- 

:i.  Noise  due  to  turbulence  and  swirl  in  the  exhaust. 

I.  Noise  generated  at  the  nozzle  lip  by  interaction  with  flow  turbulence. 

Ian  it  con. bust  ion  noi.e  is  < aused  by-tf.o  time  unsteady  heat  release  of  the  enm- 
bu  ition  process.  The  cotidaisfn,  airllow  i.s  highly  turbulent  and  the  fuel  spray  consists 
of  random  sl/e  droph  is.  -d.^er/ed  pressure  fluctuations  indicate  a noise  souree  which 
may  propagate  through  the  dow. ' stream  engine  components  to  the  fur-field,  (quantitative 
cstlm  ites  of  direct  < omtaisti-m  mdse  have  been  ditficult  to  obtain,  but  th.s  source  must 
Is;  t ■‘side red  potentially  .‘dgidlu  ant. 


h.dln  i t < itsiit.u  . i» iii  n-»i*.e  • ur*'  i|  by  ih,.  --iiii'.ei  tmu  u|  burner  gceciale.l  turbulence 
and  temperature  lln<  in.il  !•*»»•*  !».:•;  been  analyzed  iii  several  re*  enf  theoretical  studies. 
I'likctll-*  hi  ' ibiAii  * i..ii  ihesc  Ibu  tualiens  intei.ut  with  a mean  pressure  gradient  such 
as  exists  :u  rovi  a luiblnc  stage  or  exhaust  no//ie  to  produce  propag.it lug  :ii  niistlr, 
waves  1’iedii  lisl  ipe  'ra  and  |m»w<  i levels  agree  with  data  suggesting  that  this  is  a 
possible  lii.cjiir  l.oiae  soli  I • e. 
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'Si'inm.'irv  fConti 


Strut  miisv  is  caused  by  flow  impingement  and  flow  separation  from  struts  and 
• t lie f i.l. ii-ct  in  the  exhaust  stream.  Kxperi  mental  studies  show  this  noise  varies 
with  the  sixth  power  of  the  exit  velocity  and  may  lie  dipole  in  nature.  Quantitative 
procedures  are  not  available  for  predicting  the  noise  generated  bv  separated  struts 
in  a duet. 


Strut  noise  mav  also  be  generated  bv  fluctuating  lift  forces  induced  bv  turbulence. 
There  appears  to  be  no  verified  technique  for  predicting  noise  by  an  arbitrarily  shaped 
Imth  in  turbulent  flow  within  a duet. 

Nozzle  lip  noise  is  generally  thought  to  be  caused  by  the  convection  of  exhaust 
turbulence  past  a nozzle  lip  which  imparts  momentum  fluctuations  to  the  fluid  near  the 
lip.  Several  theoretical  and  experimental  studies  have  suggested  lip  noise  intensity 
varies  with  the  sixth  power  of  jet  velocity.  Cross-correlation  studies  have  verified 
that  this  type  of  noise  produces  significant  contribution  in  the  far-field. 

Par-field  noise  depends  not  only  on  the  strength  of  noise  sources,  but  also  on 
propagation  through  turbine  blade  and  vane  rows  and  through  the  nozzle.  It  is  unlikely 
that  transmission  problem  will  lx;  solved  rigorously  because  of  fas  complexity  of  geom- 
etry and  flow  in  the  core  engine.  Studies  have  determined  that  primary  variables  are 
the  mode  order  of  the  incident  wave,  the  wave  number,  duct  flow  velocity  and  tempera- 
ture. The  structure  of  the  shear  layer  between  the  jet  and  surrounding  fluid  is  also 
important  as  is  evidenced  by  a difference  in  noise  between  single  and  co-axial  exhaust 
flow  configurations. 

Because  of  the  complexity  of  the  core  engine  sources  and  the  torturous  propaga- 
tion path,  several  prediction  methods  have  been  proposed  empirically  relating  core 
noise  to  overall  engine  cycle  parameters.  These  predictions  may  not  apply  to  all 
engines  because  of  significant  differences  in  component  and  installation  geometries. 

A review  of  several  prediction  schemes  shows  that  these  should  be  considered  to.be 
preliminary  and  further  work  is  needed. 

Some  preliminary  results  from  extensive  tests  of  a JT3D  engine  are  shown.  A 
low  frequency  peak  centered  at  400  Hz.  protruding  above  the  predicted  jet  noise  spectra 
is  identified  as  core  engine  noise.  The  general  spectrum  of  JT3D  core  noise  is  de- 
picted, as  inferred  from  many  spectra  at  various  angles  and  engine  speeds.  Cross- 
correlation techniques  were  used  to  confirm  that  low  frequency  Internally  generated 
noise  contributed  to  the  far-field  spectrum,  which  peaks  at  about  400  Hz.  The  mea- 
sured turbine  stage  velocities  and  pressure  drops,  together  with  the  rms  temperature 
fluctuations  and  the  characteristic  length  scale  of  hot  spots  were  inputted  into  an  in- 
direct combustion  noise  theory.  Predicted  power  levels  were  in  good  agreement  with 
experimental  data.  Predicted  spectra  peak  at  400  Hz,  as  did  the  experimental  data. 
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1\  aK  p >-•  — our. ! p « 
with  p.nm.irv  i -i  « i ..i!> . -.ah  ui.il' 
t.> .ipp:  oxiiiKiifi'  !(.•  ..!■* e. . ‘ 

In:  t hi  -IT.'il)  are  l. 

! i »ns  1:1  engine  i-jm  • ; >r.- lit  ions. 


i a i t:>  (.>0-1000  i(/)  an*  shown  to  correlate  well 
! ov  engine  noise  levels  inc  rease  with  velocity 
■ I:.*  ».if\  characteristics  of  core  engine  noise 

>!•.  • liaiv.'  s in  directivity  were  ohservcd  with  varia- 


Whcn  the  eon  r,  i.'t.  exhaos.  it-.w  w.  j surroun  led  hy  the  co-axial  fan  stream,  a 
reduction  of  l t.>  l il  wu.-.  at  . an. ,1c  of  1-n  front  the  engine  inlet.  This  sug- 
gests that  nozzle  impedance  < on  ilion.;  are  uticcted  by  the  external  flow  field.  At— 
ter..|>t s-  to  determine  !!•••  < out  ril.utio:;  *>!  lip  noise  using  the  trailing  edge  noise  analysis 
ol  ll.c.d.-n"'1,  wre  i.mi.-ees  ftu,  ri!t;»>u,;:i  the  pn  dieted  spectra  peak  at  a frequence  of 
•100  II/..  Kstnhlishiiu  the  sigiufican'-  of  lip  noise  will  require  additional  work. 

Turbine  noise  is  dominated  h\  turbine  tones  with  broadband  "havstacking"  that 

occurs  tn  the  region  oi  tin  tones.  l-Jivim  tones  art  gc:  • rated  by  interactions  of  rotor 
wakes  •■nth  downstream  stators  ai.d  interactions  of  xlato**  wakes  with  downstream 
rotors.  Other  sour,  i of  .liserete  turbine  tones  may  include  the  effects  of  non-uniform 
inflow  irorn  burner  .'cner ate  i "hot  spots”  and  turbulence.  Factors  affecting  turbine 
tone  intensity  inclu.l.  rotor  speed,  stage  work,  size,  turbulence  intensity,  stream 
density,  number  of  stages,  and  rotor /stator  spacing. 

Recent  evidence  suggest  that  "hav stacking",  the  broadband  noise  from  turbines, 
is  not  internally  generated,  but  is  related  to  the  propagation  of  turbine  tones  through 
the  turbulent  c.\ bans'  slow.  Crowing  evidence  shows  that  "havstacking"  can  lx1  attrib- 
uted to  scattering  of  turbine  tones  by  turbulence  in  the  exhaust  flow  of  both  the  core 
engine  and  fan  streams. 

Several  current  prediction  schemes  are  in  use  which  are  based  primarily  on 
empirical  cot  relations  ol  test  data.  The  procedures  follow  those  developed  for  fans  . 
ant!  compressors.  Pratt  & Whitney  has  developed  a prediction  system  by  correlating 
data  from  ITfll),  -ITM  > and  IT:H)  engine.  Significant  noise  reduction  i j possible  both 
by  modification  of  the  sour'**  and  by  using  acoustic  treatment  In  the  primary  tailpipe. 
The  latter  is  both  heavi  and  expensive  liecauso  of  the  extreme  environment. 

Measured  far  -licit!  turbine  noise  sped,  a from  J HI)  tests  were  examined  ami  a 
comparison  to. predictions  from  the  Pratt  & Whitney  procedures  show  good  correlation. 
The  correlation  includes  the  effects  of  a significant  contribution  of  the  turbine  work 
parameter. 

Observed  differed.-;  s m turbine  noise  spectra  are  Isdieved  related  to  differences 
in  the  exhaust  flows  which  the  turbine  noise  propagates  through.  When  no  turbulent 
shear  layer  is  present,  th.  turbine  tone  is  higher  and  tlie  broadband  "haystacking"  is 


i 
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Summon  d’onti 


less  pronounced  than  in  spectra  obtained  with  a coplanar  fan  stream.  The  tone  energy 
is  scattered  and  redistributed  to  adjacent  frequencies  by  the  added  turbulence  in  the 
i'an  shear  laver. 

C omparison  With  Similar  Papers 

This  paper  is  derived  from  various  experimental  core  engine  and  turbine  noise- 
programs,  including  a recently  completed  extensive  noise  test  program  on  a Pratt  & 
Whitney  JT.'H)  engine.  Though  similar  in  content  and  conclusions  to  other  prior  work, 
additional  information  and  understanding  is  presented.  The  Importance  of  the  indirect 
combustion  noise  as  a possible  noise  source  is  emphasized  and  the  effect  of  the  propa- 
gation path  for  l)oth  core  noise  and  turbine  noise  have  been  demonstrated  with  increased 
detail.  From  the  survey  presented  here  of  prior  core  noise  and  turbine  noise  technology, 
together  with  results  and  conclusions  presented  in  this  paper,  it  is  clear  that  more  work 
is  required  to  verify  and  extend  the  range  of  present  prediction  procedures. 

Evaluation  of  Paper 

This  is  a valuable  summary  of  much  of  the  work  being  done  on  core  engine  noise 
by  Pratt  & Whitney.  Only  limited  results  are  available,  however,  and  neither  the 
core  engine  noise  nor  turbine  noise  can  be  predicted  with  the  published  results. 
Morcoever,  the  emphasis  is  on  engine  noise  of  larger  turbofan  engines  and  results 
have  yet  to  be  compared  over  a range  of  engine  sizes  and  types. 
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. *•••!•:» rt*s,  Iron  Kngiiie  and  jinyo  Truin' 


i 'u 


i l.c  | ji* ■ < I \r  • .<  ■ i-  t«»  • h:«;::e'.en/c  sonic  ol  the  possible  sources  of 
v si. • atiun  within  i « < n : . t:.1,  iat<  » n..!  • ..r.aii.-.tlon  engines  that  mat  contribute  to  the 
noise  ol  'Si  n<  it  uh» i xh  •».  i .••ml  it  ';*<:»  have  oven  adequately  muffler. 


Miirnurv 


I he  aeon  in  j •.»'*«  r l.ui’aie.l  l,-.  a r« « .prorating  ia'i  rnui  combustion  engine  can  lie 
assumed  .to  lit  p/op  • .•»•«  .i.u  <•  i .tru  r .dialer  .•ft  i.-icncy , .structure  area,  and 

the  vit. ration  vvi'hin  the  • tiuctur*  . i»nn«  ij.al  source*  at  vibration,  in  descending 
order  ot  importanei , .re  the  i aeihustion  process,  piston  slap,  gear  meshing  and 
fuel  injection.  . N«us.-  • j i:;.hat«>!  by  e lastic-  detorn.a'ton  •/'  the  structure.  Observed 
Jiu^g'um'v  jfep*  ilur  mill  r*tiomrrr.'_t?r-;  haracterlzccT  as"  TTSIpoRT 

source  due  t i iicnd.i.i;  >1  ti  • -;i  ruetuiv.  •*.. 

Comhustion  noise  is  related  to  thermal  efficiency  of  the  engine.  The  most 
accepted  method  ot  i«.du»  :ion  is  to  reduce  operating  speed.  Piston  slap  noise  is  pro- 
duced hv  the  tran  sverse  imparts  that  occur  between  piston  and  cylinder.  Gear  mesh- 
ing noise  is  most  evident  at  tre;|Ucncies  related  to  the  gear  tooth  contact  frequency 
and  is  most  sensitive  to  load  changes  and  the  precise  shape  of  the  gear  profile.  Fuel 
injection  noise  Is  cue  j rimarilv  to  pressure  fluctuation  within  the  fuel  pump  and 
v ihrition  within  the  ujecior. 

For  a wide  varietv  of  (iiesel  engines,  the  noise  generated  by  combustion  is  related 
to  operating  speed  and  cylinder  diameter.  An  equation  and  constants  are  given  to  pre- 
dict .T-wt  ighted  decibels  .‘t  leet  from  the  machine  for  several  classes  of  engines. 

The  noise  produced  hv  piston  slap  t an  he  estimated  from  an  expression  for  the 
ratio  of  the  acoustical  to  vibratory  power.  Inputs  must  lie  determined  from  the  physical 
characteristics  of  the  radiating  structure  and  the  vibratory  power  from  piston  slap. 

The  noise  produced  by  piston  slap  can  ho  estimated  from  an  expression  for  the 
ratio  of  the  acoustical  to  vibratory  power.  Inputs  must  l»e  determined  from  the 
physical  characteristics  of  the  radiating  struc  ture  and  the  vibratory  power  from 
piston  slap. 

The  noise  radiated  by  an  automotive  gearbox  exited  by  gear  meshing  can  Ixs  esti- 
mated using  simple  ei iiiation  which  provide  level  and  spectral  distribution.  Predicted 


levels  are  related  to  transmitted  horsepower  and  gear  speed. 


Mini mary  ;Conti 

it  is  concluded  that  noise  reduction  by  either  reducing  radiation  efficiency  or  the 
magnitude  of  the  vibration  forces  requires  an  understanding  of  the  mechanisms  of  the 
source  and  a knowledge  of  the  engine  design  parameters. 

K valuation  of  Paper 


This  is  a brief  overview  of  sources  of  noise  in  reciprocating  internal  combustion 
engines.  Prediction  methods  are  indicative,  but  too  limited  to  predict  noise  levels 
from  helicopters  using  internal  combustion  engines. 


1 1 i ■ i.>  t1 , i I . , I ..  < I-*^  . ; i;i  t.-.i-  .iti-l  Tcmpcrnt-.ro  Fluctuations", 

1 liit«- i .i.'i1  i.iti.i I < . .••■s-'  ■ i.i  A i n 1 1 1 . ' ui , i !i7  ». 

thi*!  p;:;x-r  ;u,  :u,  i,« .-is  is  pr*st  nt-*«l  w'ucli  shows  th.it  significant  low  frequency 
:<>im  in-  .i'l  l'  !»•  tV  pi.isagc  «u  •••  hwnV  ami  tempt* rature  "eddies"  through 
! ir„  p res.su  i.-  .*•  • !•  .At'  i i S'  :»  v l s i i rl. i nc  hi  :.•;*•  and  vane  rr.ws.  Results 
Inc:'.  I lit.-,  ar.i'v  is,  i.  i-  • a-  ! t- n :j»- • :';ii*.i  H'lctuatt.ius  from  a Pratt  & Whitney 

I I :•! > engine,  n i.  i •*  w ;n  ..i;  • «»  l*«.-  ! • e picnt ,•  tore  noisi  data. 

Summary 

Various  nin  ‘i.i'iisii.s  li.i.t-  Ih-i-ii  prop-eu  .*  explain  the.  observed  low  frequency 
noise  of  tiirimt.i.i  ci.gim  s wnicii  cannot  i**  ,k  • «mnli  >1  »or  i:\  jet  noise  alone.  It  is 
roasuiialije  to  expect  ui.  t noise  sour.  «*s  exist  up-- ream  <4  the  nozzle  whit  n are  pro- 

• l’jee>l  i»v  uiist*  idv  Mow  •it'e»  inti  r acting  wi*h  M .dr-,,  vanes,  struts  ami  nozzle 

• An  :nliliiior.at  n.  rouid  a i involves  the  large  tlui  tu..*ions  in  temperature  and 

j axial  velocity  pro  lor  d l.\  lh<  tmincr  passing  through  successive  turbine  stages. 

! The  genera!  s.s  presented  by  Piekett  includes  ncise  generation  due  to  flue- 

| tu. iliui;  Hit  ami  dr  .g  ,orccs  at  th>  var.e  or  hi. ale  row  m addition  to  the  noise  generated 

j hv  vorticitv  (turbii'erv-M  raid  entropy  (temperature)  converting  through  the  disc.  The 

t out  rdiut ion  due  to  r uivri'.ng  temperature  is  considered  in  detail.  The  method  ron- 
j -ud.-rs  small  ure  t.  ad.  jh  i turhalions  ol  the  mean  flow  through  an  "actuator  disc"  that 

iv |. resen's  i irher  a turbine  rotor  or  nozzle  guide  vane  stage.  The  analysis  also  ae- 
j counts  for  the  large  changes  in  mean  stream  flow  variables  that  are  a design  feature 

; of  turbine*  stages  and  a factor  in  the  noise  generating  mechanism.  It  is  shown  that 

noise  levels  due  to  temperature  fluctuations  are  dvpendi  nt  on  the  rms  intensity  and 
transverse  correlation  length  scales  ol  l In*,  fluctuations  In  addition  In  steady  turbine 
operating  parameters,  l uitlieriuore,  the  peak  intensity  occurs  at  a frequency  depen- 
ent  on  the  axial  correlation  length  s'-ale  of  the  temperature  fluctuations. 

Predic  ted  values  of  generated  noise  are  compared  to  measured  .ITdD  low  frequency 
noise.  Measured  vaiui  s of  the  various  turbine  stage  velocities  and  pressure  drops 
•veie  inputted  together  .vitli  the  i nis' temperature  fluctuations  and  the  eha racier istie 
’ength  scales  of  the  hot  spots  (obtained  from  cross-correlation  of  adjacent  quirk- 
reup'inse  thermocouples).  I’l  e-th  teil  power  levels  of  noise  were  found  in  tie  In  goml 
.’gia  . rru  nt  with  ini-ieuiri  d uoisi  . Also,  the  predicted  spectra,  largely  a hin  -tion  of 
the  axial  hot-spot  length  scales  and  axial  convection  velocity,  peak  at  100  Hz.  as  does 
the  measured  noise. 

because  the  predicted  and  m<>:. surrd  noise  levels  are  in  reasonable  agreement, 
it  Is  deduced  that  core  engine  noise  can  In*  accounted  for  by  the  temperature  fluctua- 
tions convcctlng  through  the  turbine. 


i.  .».u. <n  With  Similar  papers 

l i t*  possibility  that  a time  varying  temperature  were  traveling  through  a velocity 
^r.i-li'.'iii  is  another  source  of  soumi  (entropy  noise)  has  received  little  attention  in  the 
literature.  Sfrahl*^  * discussed  entropy  noise  l>ut  made  no  evaluation  of  its  eontribu- 
ti  n to  iore  engine  noise.  Several  recent  theoretical  approaches**®*  **l  have  studied 
rv>t->e  generation  bv  convection  of  "hot  spots"  through  a mean  pressure  gradient.  The 
.tfi.tivs.s  hv  Pickett  considers  both  vortieitv  and  entropy  fluctuations.  The  application 
oi  Pickett's  analysis  is  perhaps  the  first  attempt  to  quantify  the  entropy  noise.  Pre- 
• iicted  spectra  and  power  levels  from  measured  parameters  compare  well  with  mea- 
'U:'ci!  data,  indicating  another  noise  source  to  tie  included  in  core  engine  noise  pre- 
diction procedures.  So  attempt  has  been  made  to  establish  the  level  of  entropy  noise 
. i pitive  to  ihe  more  generally  accepted  direct  burner  noise  from  the  combustion 

pl’y  CSS. 

Kv  dilation  of  Paper 

This  paper  presents  an  analysis  and  means  of  predicting  the  level  and  spectra  of 
••ntropv  noise  in  the  core  engine.  However  it  is  unlikely  that  the  procedure  can  soon 
lx*  integrated  as  a separate  component  source  in  usable  prediction  methods.  The  com- 
plex input  parameters  required  to  evaluate  the  entropy  noise  are  not  generally  avail- 
able and  results  have  not  been  demonstrated  to  be  universally  applicable. 
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V-i:  'I  -lir. 


AIAA  Paper  No.  74-50,  Presented  at 


, iinuarv  1071. 


i his  report  i-  •*  uii - ;>>  :i'\  "i  th-  w.i.'M .«**  sc  ri'ned  in  detail  in  Air  Force  Aero 
! i jj-'j! -.i  in  1 aborato.  , 1 r« 1 it  si  mi  Ai  API.-  Id-73  7'j'*,  Hi1;  of  the 

•a. -if  w.i-  the  develop?  a M "f  u.e  teflalole/’.  base  necessary  !o  reduce  the  r.oise  signa- 
iim-  i<;  mi.  ill  tuiiiopri.ij  ana  turbot. ri  enguu  s to  minimize  their  detectability  in  low 
altitude  reconnais -•  rn  t*  sur.eillanci  iniloarv  missions.  The  program  summarized 
was  rather  i '•.(••nsf  e ar.d  nit  bided  li  it-  -.dopin'  i'.i  ->f  prediction  methods  for  all  the 
,.iur«v>  < f small  turboprop  i turbo  -h  dt)  am!  lurhotat.  engines,  2>  development  of  a 
duct  acoustic  treatment  design  method,  3)  tests  of  materials  suitable  for  acoustic 
duet  liners,  4i  aeoustu  tests  id  an  unsuppressed  turbofan  (the  AiResearch  TFF.  731-2) 
anti  an  unxupptvsxed  tnrlioprop  enuine  (the  AiKcsearch  TFK  331-5-251)  including  com- 
p ii  .nun  Kith  pretiii  teil  spectra,  V a oustit  tests  ot  various  inlet  mufflers  and  exhaust 
duet  treatment,  and  'o  an  anal,  sis  of  performance  and  weight  penalties  for  noise 
suppression,  I he  work  on  .urlioshaft  engines  and  their  suppression  is  of  interest  in 
helicopter  noise  prediction  and  will  be  disc  ussed  below. 


r.mnm  ir\ 

Fan  .iial  eompressor  noise  prediction  methods. are  based  nn  work  reported  by  Smith 
and  House*  H with  mo-iitications  to  improve  correlation  with  turboprop  engine  data  ann 
allow  prediction  of  eentritugal  compressor  noise, 

let  noise  above  10»0  It.  /sec.  exhaust  velocities  is  predicted  by  the  SAF  jet  noise 
• >)12  p(u.,  i-inpirieal  lireeiivitv  cuives.  At  exhaust  velocities  below  1000  ft. /sec. 
the  p.ijier  states  that  predictions  are  based  on  Itushidl's  method*.  In  this  exhaust 
velocity  region,  the  noise  is  g<  aerated  internal  to  the  engine  and  is  called  core  engine 
noise.  The  onh  core  engine  noise  source  predicted  explicitly  in  the  paper  is  combus- 
tor noUc.  It  is  staled  that  combustion  noise  is  one  of  the  most  significant  core  engine 
noise  sources  fur  small  turbolan  and  turboprop  engines.  The  combustion  noise  Is 
predicted  to  lx1  a fum  tion  of  temperature  rise  in  the  combustor,  combustor  discharge 
velocity,  combustor  diameter,  luel  and  air  weight  flow,  and  a reference  acoustical 
jjoV/e i output  a?  the  combustor  exit. 

Since  a gearbox  tx  rc'iuired  to  provide  (lie  lor<|Uc  at  the  pi  ope r rp'n  to  drive  a 
propeller  or  rotor,  the  paper  considers  gearbox  noise  as  part  of  the  engine.  The 
n adi  r is  dir:i  b d to  tie-  next  section  of  this  Ajuvndlx  for  a discussion  of  the  gear 
noiHc  prediction  method  dcscritied. 


*« i;  :Mi  i !*'.  1 1 i»l»l  i 

\u' \ equipment  imis.-,  -mill  as  fuel  and  lubrication  pumps  mounted  on  the 
r • .im-  of  the  . ngio-  , ait-  ij  interest  lor  ury  quiet  systems  such  as  reeonnais- 
- . t ; t > i-  su. ‘.eiil.iiuv  {*ro|iuisii»:i  -.steins.  Th-.-v  »r.-  probably  unimportant  as  a far- 
n-  i i n. *iie  suun-a  in  trail 'port  h-du o;»u-:-s.  The  paper  states  that  verv  little  work 
i-  t.f«  ;i  .ii  ia  on  these  soure.-s,  hut  it  does  include  a prediction  method  for  a fuel 
tii.i.  pun.p  l-.ised  ■ >:i  I'riede'::  work'*”. 

,i  ,ei:i,  t;-iise  is  that  which  is  transmitted  to  the  far  field  through  the  walls  sur- 
•'Ui.iiiu,  tin-  engine  components.  \n  empirical  prediction  procedure  for  sound  power 
.di  d is  presented  for  turboprop  engines  which  is  a function  of  mechanical  horse- 
pow#  r gcnt-i  ate.l  bv  the  engine. 

1 hit  ■ .icoj.itie  duet  lining  design  pro.  cduiVN.ruv  described  brief ly  in  the  re- 
port with  greater  information  available  in  M'M'L-TU-7;i-79.  The  lirst  method 
I .used  on  the  work  of  Cromer  and  Nelson  is  analytical  in  nature,  but  uses  in  empirical 
impedance  model  for  materials  used  in  the  liner  design.  The  second  method  Is  only 
mentioned  briefly  and  it  is  stated  that  it  is  a self-optimizing  method  based  on  slmul- 
i hi#  ous  solution  of  the  governing  differential  equations  and  that  it  avoided  some  of  the 
i m pi  if:  in g assumptions  of  the  first  method.  A single  comparison  of  a liner  design 
is  presented  which  shows  that  the  two  methods  give  significantly  different  results. 

The  third  method  is  empirical  and  is  based  on  generalization  of  the  results  of  many 
te -.t  s of  duet  liner  configurations. 

lieneral  results  of  acoustic  materials  tests  are  presented  for  zero  flow,  room 
temperature  com  lit  ions.  Sample  results  of  interest  are:  1)  addition  of  acoustic 
absorbing  materials  behind  perforated  face  sheets  increases  absorption  eoeffieient 
mil  acoustic  resistance,  2>  little  is  gained  in  using  sound  absorbing  material  behind 
fii'i-rmetal  since  air  cavities  tuned  to  the  design  frequency  provide  significant  noise 
atti  n j.i'ion  over  several  octave  bands,  H)  bulk  absorbers  show  only  a slight  frequency 
<l.  pi  ndence  on  material  thickness  and  absorb  sound  across  a wide  range  of  frequencies.  - - 

Acoustic  tests  of  an  Aiilcsrarch  TPK  TU-.r»-2!»l,  810  .SHI*  turboprop  engine  were 
conducted  while  the  engine  was  driving  a quiet  dynamometer.  Unsuppressed  tests 
w re  t .inducted  to  establish  comparisons  between  predicted  and  measured  noise 
spectra.  The  report  indicates  that  good  correlation  was  achieved.  The  engine  was 
then  tested  with  modular  inlet,  casing  and  exhaust  supresston  systems  as  shown  In 
tie-  ligure  on  the  next  pug#-. 

fusing  suppression  results  are  not  indicated  in  the  report.  Inlet  suppressor  tests 
showed  splitters  in  large  or  small  inlet  duct  sections  provided  little  additional  attenua- 
tion, but  marked  by  Increased  performance  losses.  Therefore,  the  best  inlet  suppres- 
sor consisted  of  a relatively  simple  largo  plenum  designed  with  no  direct  line  of  sight 
transmission  path. 
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EXPLODED  VIEW  OF  ATTENUATION  ASSEMBLIES 
USED  WITH  THE  TPE33I  ENGINE 


I hi*  exhaust  attenuator  concept  .selected  (or  the  test  ini?  reported  utilizes  two 
p/inripal  techniques  to  redo.  e low  frequency  i.olse:  1)  a len|?th  of  tailpipe  which  will 
shilt  the  I und.-i  mental  i --son. mcr  of  the  tailpipe  to  a frequency  where  the  ambient  back- 
ground noise  Is  higher  ind  then-lore  masks  the  engine  noise  and  2)  a multi-lube  d<'.sl|?n 
to  convert  low  frequency  noise  (large  wavelengths!  to  high  frequency  noise  (small 
wavelengths)  which  c m readily  Is-  absorbed.  Twelve  exhaust  duct  configurations  were 
tested.  Of  particular  .igmfl- m><  e wan  the  test  which  showed  that  doubling  the  length 
of  treainiciii  d-.es  oof  •|.-..li5e  l he  iiienuaJi'::).  This  b is  Is-en  found  bv  other  r("'';m'heri. 
With  the  optimum  suppression  -ivdeir.,  more  than  ;»0  dll  reduction  was  obtained  in  the 
Inlet  quadrant  at  frequencies  of  1000  l|/.  and  above.  In  tin*  exhaust  quadrant,  attenua- 
tion of  more  than  lb  (III  at  Ireqiieneles  of  i 000  II/.  and  above  was  aehieved. 

The  final  Item  addressed  In  the  paper  Is  the  effect  of  Inlet  and  exhaust  suppression 
equipment  on  performance  and  weight.  As  expected,  the  trends  presented  show  sup- 
pressor duct  weight  rising  rapidly  as  frequency  of  suppressor  peak  attenuation  falls 
Ixdow  1 000  II/..  TId:*  Is  due  lo  the  required  depth  (thickness)  of  the  treatment.  Th< 


'j.T.  marv  i>'onti 

•.  pressure  |..ss  a>s-u  i.iti d with  various  exhaust  duets  is  compared  with  c-alcu- 
'..s'ion.i.  .Seine  disagreement  ix-tween  calculation  ar.d  test  is  indicated.  A maximum  of 
i i o :i s in  horsepower  at  the  full  load  high  flow  condition  is  indicated. 

v i i i soil  With  Similar  Papers 

1 lit.-  paper  is  demcit  from  a mx  volume  report  called  "Small  Turbine  Engine 
:.oi>e  Reduction, " Air  Force  Report  AFAP1.-TK-73-79  which  was  written  bv 
it  »-r.»l  authors  trom  AiRv.icar  !i  Manufacturing  Company  in  1073.  Also,  a paper 
titl.ii  Progress  in  the  Development  of  Optimally  (/uict  Turboprop  Engines  and  Instal- 
lations, SAF  Paper  73(i3s7,  April  1973,  by  It.  M.  Tedrick  and  It.  W.  Hildenbrand  was 
a-rived  from  the  six  volume  report.  The  Shahrulv,  et  al  paper  is  a very  good  sum  - 
marv  o!  the  work  reported  in  AFAPI. -Tit-73-70.  While  AFAi’L-TR-73-79  includes 
tic  computer  programs  dt*ve loped  to  predict  engine  noise  and  design  duct  treatment 
in  addition  to  a greater  emphasis  on  turbofan  noise,  the  Shahady,  et  a)  paper  provides  a 
better  overview  of  the:  accomplishments  of  the  program  reported  in  AFAPL-TIt-73-79. 
other  reports  emphasizing  acoustic  testing  and  development  of  prediction  methods  for 
small  turboshaft  engines  do  not  exist.  The  recent  work  by  General  Electric  under 
DOT  'I-  \A  Contract  No.  IX »T  'FA72\VA-3033i:<  does  Include  investigation  of  similar 
s«>un  es  in  great  experimental  depth,  but  the  emphasis  is  on  understanding  turbofan 
core  engine  noise  of  larger  engines. 

Evaluation  of  -Paper 

This  is  a very  valuable  summary  of  the  six  volume  AFAPL  report  for  a researcher. 
General  trends  in  turboshnft  engine  noise  will  not  bo  found.  Also  actual  calculations 
cannot  bo  done  with  the  limited  Information  reported.  These  require  use  of  AFAPL- 
IH-7:i-7U. 


IVdrick,  It.  N.  , an  ! .'.ddi.iihrand,  lb  W. , "Progress  in  the  Dcvelopmert  of  Optimrdly 
t<‘uiet  I arf/opri-p  l.ngcy .s  jcd  In.-dallaf  i.jn, " SAF  Paper  No.  7.103 t7,  P resented  at  the 
Rusiticss  Ai  r<  i~. ilt  M>  Apri  I 1 !l7.i . 

Purix/se 

I his  report  summarizes  Iht-  turboshaft  engine  noise  evaluation  work  reported  at 
a later  date  in  more  detail  »n  Air  Force  Aero  Propulsion  Laboratory  Technical  Re- 
port ArAI‘I.-TH-7.‘l-7!i.  i he  purpose  of  the  paper  was  to  summarize  the  turboshaft 
engine  information  prior  to  release  of  the  final  Aero  Propulsion  Laboratory  Report 
in  a wav  that  would  l/e  useful  to  manufac  turers  of  business  aircraft. 

.Summary 

i he  following  summary  is  limited  in  scope  as  more  information  will  be  found  in 
the  A LA  A paper  by  Shahadv , et  al27  or  the-  Aero  Propulsion  Laboratory  Report5  which 
ar<*  reviewed  el  mwl.ere  in  this  Appendix. 

Comparison  With  Similar  Papers 


This  paper  is  limited  In  scope  compared  with  the  AIAA  paper  by  Shahady,  et  al. 
.Mho  the  predit  tion  procedures  for  engine  noise  and  duct  Uner  design  which  are  found 
in  Al  APL-TR-7:t-7J»  are  not  Included  in  this  paper. 

K valuation  of  Pap«‘r 

It  is  suggested  that  the  reader  interested  in  the  summary  oi  the  results  of  the 
Small  Turbine  Knginc  Noise  Reduction  contract  conducted  by  AiResearc  h Manufacturing 
Company  for  the  Air  Force  Aero  Propulsion  Laboratory  refer  to  the  AIAA  paper  by 
Shahady,  et  al  or  the  Kveutlve  Summary,  Volume  I,  of  AFAPL-TR-7.1-7U  as  lioth  of 
these  reports  are  tn./re  complete  than  the  report  "reviewed  here. 
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"Noise  I* rum  Picsel  Engines",  Intcr-Noirc  73,  August  1973. 
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impose 


This  paper  discusses 
merits  on  diesel  engines, 
sound  reducing  shells  are 


some  results  of  experimental  vibration  and  noise  measure- 
Yihration  isolation  of  external  engine  parts,  stiffening,  and 
shown  to  be  effective  means  of  reducing  noise. 


.summary 

in  nearly  all  modern  diesel  combustion  systems  the  combustion  pressure  Is  the 
strongest  exciting  force  for  structure  - borne  and  radiated  noise.  Noise  reduction  by 
improvement  in  mechanical  exiiation  sources  is  limited  to  2-1  dB(A)  for  technical  and 
economic  reasons,  it  is  necessary  to  improve  the  structure  so  that  less  vibration 
reaches  the  outer  walls  to  be  radiated  as  noise. 

All  parts  of  the  external  engine  surface  contribute  to  the  external  noise.  Seldom 
does  one  pan  contribute  as  much  as  half  the  noise.  Nearly  all  parts  must  be  treated 
to  tchieve  improvement  of  4 to  5 dB(A). 

Noise  near  the  oil  pan  can  be  reduced  by  as  much  as  11  dB(A)  by  careful  isolation. 
Stiffening  of  external  wall  can. reduce  local  levels  of  noise  by  as  much  as  10  dB(A)  in 
.-.ingle  third  octave  bands.  The  most  effective  means  of  noise  reduction  are  thin  sound 
reducing  shells  of  low  bending  resistance  and  high  critical  frequency.  Reductions  of 
19  dB(A)  were  measured  with  plain  sheet  steel  and  it  was  found  that  mounting  is  more 
important  than  damping.  Sound  absorbent  material  in  the  clearance  between  shell  and 
case  wall  had  little  effect.  Measured  levels  of  engine  noise  were  reduced  19  to  21 
dB(A)  using  a total  enclosure  with  vibration  isolating  attachments. 

The  best  design  solution  for  reducing  noise  appears  to  be  a new  design  with 
central  support  engine  structure  surrounded  by  a vibration  isolated  housing,  "which 
forms  a kind  of  wet  enclosure".  . _ 

Evaluation  of  Paper 

This  may  be  of  interest  in  predicting  the  case  radiated  noise  reduction  which  can 
be  achieved  with  relatively  simple  enclosures . No  means  of  predicting  sources  noise 
levels  are  contained  in  this  report. 
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Bangley,  H.  It. , and  Hartman,  It.  M.  t “Ccarbox  Noise  Reduction:  Prediction  and  Mea- 


surement of  Mesh -frequency  Vibrations  Within  an  Operating  Helicopter  Rotor  Drive 
I’u.ir! iqx",  ASMK  Paper  No.  T3-PPT-;U,  Septcmiier  1973. 


Purpose 


The  purpose  of  this  study  was  to  verify  the  accuracy  of  analytical  methods  for 
predicting  the  vibration  and  noise  generation  of  gearboxes  by  determining  correlation 
between  predicted  and  measured  data. 

Summary 

Tills  stud\  was  performed  on  a CH  17  main  rotor  drive  gearbox.  However,  the 
analvsis  is  applicable  to  gearboxes  of  all  kinds.  The  paper  presents  a pood  descrip- 
tion of  the  several  analyses  required  to  make  the  prediction  of  total  noise  and  vibra- 
tion emission  at  gear  clash  frequencies.  Also,  the  correlation  between  predicted  and 
measured  response  of  several  parts  of  the  dynamic  gearing  system  is  presented.  The 
list  of  references  covers  the  work  sponsored  by  USAAMKDL  over  the  past  few  years 
in  developing  analysis  and  noise  reduction  techniques  for  transmission  noise. 

Comparison  With  Similar  Papers 

This  is  an  extension  of  the  work  performed  by  Badgley  and  Laskin3,  Laskln,  et  all, 
and  Sternfela,  et  aK\ 

Evaluation  of  Paper 

This  report  shows  ‘hat  an  application  of  detailed  dynamic  analysis  to  a transmis- 
sion can  identify  near  resonant  conditions  for  components.  This  study  shows  examples 
of  this  and  also  shows  the  results  of  corrective  measures  which  yielded  noise  and 
vibration  reduction.  The_anal>sis  Is  lengthy,  but  necessary  to  locate  possible  vibra- 
tion/noise problems  in  the'preha.-dware  stage.  It  considers  dynamic  system  torsion 
and  bending  plus  casing  response. 
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Ikulglcy,  It.H.,  and  Laskin,  l„  "Program  for  Helicopter  Gearbox  Noise  Prediction 
an. i Reduction",  USAAVJLAHS  Technical  Report  70-12,  March  1970. 


x’urposc 

The  work  described  in  this  report  was  done  to  demonstrate  the  application  of 
analytical  tools  to  the  CH-47  power  train  to  predict  noise  levels.  Actual  CH-47  trans- 
mission noise  levels  were  measured  for  comparison.  CK-47  transmission  casing 
vibratory  response  was  measured.  The  sensitivity  of  noise  level  predictions  to  several 
transmission  design  parameters  was  determined  and  investigation  of  tooth  profile  modi- 
fication as  a means  of  attaining  reduced  transmission  noise  was  explored. 

Summary 

This  work  shows  the  ability  of  the  previously  developed  analyses  to  predict 
differences  in  transmission  noise  radiation  via  modifications  to  reduce  torsional 
excitation  and  gear  tooth  dynamic  force  levels. 

Comparison  With  Similar  Papers 

This  is  a follow-on  to  the  work  performed  by  Laskin,  et  al1. 

Evaluation  of  Paper 

This  a slightly  refined  analysis  compared  to  that  of  Reference  \.  However,  it 
sf  iil  does  not  treat  the  lateral  bending  dynamic  response  of  transmission  components. 

It  appears  to  predict  the  spectrum  shape  of  noise  and  vibration,  at  least  to  the  extent 
that  some  clash  levels  are  higher  than  others,  using  torsional  vibration  of  the  system 
with  some  empirical  conversions. 
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Barlow,  W.  H. , MeCluskv,  W.  C.  and  Ferris,  II.  W. , ‘OH-6A  Phase  II  Quiet  Heli- 


copter Program ",  l.’.SAAMRDL  Technical  Report  72-29,  September  1972. 


Purpose 

This  study  was  conducted  to  reduce  detectability  of  the  OH-6A  Helicopter  by 
reducing  externally  radiated  noise. 

Summary 


This  report  presents  external  noise  narrow  band  spectra  showing  the  presence  of 
main  and  tail  rotor  gearbox  clash  noise  for  the  <»'•:•**  version,  where  this  gear  noise  is 
not  masked  by  rotor  and  engine  noise.  It  show.**  gearbox  noise  levels  of  59,  55  and  .54 
dB  at  150  feet  in  hover  for  the  tail  rotor  gearbox,  second  stage  of  the  main  gearbox, 
and  the  necessary  drive  set  tion  of  the  mai*i  gearbox,  respectively. 


Comparison  With  Similar  Papers 


The  -work-  described  wasperformeda  a part  of  the  same  general  effort  as  that 

undertaken  by  Bowes7. 

Evaluation  of  Pa^r 

This  is  one  of  the  few  reports  available  showing  the  presence  of  far-field  gear 
clash  noise  from  a helicopter,  dear  nclse  was  unmasked  by  reducing  rotor  and  en- 
gine noise.  It  provides  useful  data  for  estimating  far-ficld  radiated  gear  noise. 


Bowes,  M.  A. , "Test  and  Evaluation  of  a Quiet  Helicopter  Congtruation  HH-43B", 
LSAAMKDL  Technical  Report  71-31,  January  1S72. 

Purpose 

The  purpose  of  this  effort  was  to  reduce  detectability  of  the  HH-43B  helicopter 
by  reducing  externally  radiated  noise  emanating  from  the  main  rotors,  core  engine, 

and  gearboxes. 

Summary 

This  report  presents  external  noise  narrow-band  spectra  showing  the  presence  of 
main  transmission  gear  clash  noise.  Levels  at  200  feet  in  10  foot  hover  were  74  and 
64  dB  for  the  input  bevel  and  planetary  system  clash,  respectively.  Changes  to  the 
transmission  resulted  in  reductions  of  10  and  8 dB  for  the  two  clash  peaks.  Trans- 
mission noise  reduction  measures  incorporated  were:  installation  of  a selected  gesr 
set  exhibiting  good  wear  patterns  and  minimum  tolerances,  plating  of  the  teeth  with 
lead  mdiu.a,  use  of  high  viscosity  oil,  misphasing  of  left  and  right  hand  rotor  drive 
geers,  elastomeric  isolation  of  planetary  ring  gears,  removal  of  some  auxiliary 
components,  and  partial  sound  proofing  of  the  transmission. 

Comparison  With  Similar  Papers 

This  work  was  performed  as  part  of  the  same  general  effort  as  described  in 
Barlow,  et  al®  and  Pegg,  et  al®. 

Evaluation  of  Paper 

This  is  one  of  the  few  reports  available  which  shows  the  presence  of  far-field 
gear  clash  noise  from  a helicopter.  Gear  noise  measurement  was  made  possible  by 
reducing  noise  from  other  sources  (rotors,  engine)  which  normally  masks  it.  It  con- 
tains useful  data  for  estimating  far-field  radiated  gear  noise. 
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(i  rani  If,  h. , et  al,  mi. all  i'urbitu-  Knginc  Noise  Re  iluction,  Volume  II,  Noise  Predic- 


tion Methods’,  Air  I '.nv  .-v-ro  Propulsion  Laboratory  Technical  Report  AFAPL-TR- 


Volume  II,  lid-ember  l:»?.'l . 

Purpose 

The  section  ol  concern  here  (Section  II  - Part  dear  and  Mechanically  Radiated 
Noisei  reviews  the  literature  in  ..earing  noise  prediction  and  generates  a basic  noise 
prediction  method  via  charts. 

Summary 


Clearing  noise  pr.  di>  lion  i-  <li.  u-  s.-d  .r  I.  iron. « xeitation  through  mechanical 
radiation.  The  \ariou?»  par m clci  •>  involved  with  Tation,  including  unbalance, 
tooth  impact,  fri(  .urn,  and  pocketing,  are  d.-.-ci  u . cl  and  analyzed.  It  is  determined 
that  tooth  impact  is  the  dominant  mechanism  for  extcrni'll'  radiated  gear  noise  which 
occurs  at  meshing  trequenev. 

Tooth  impact  excitation  i-  caused  l.v  imperfect  meshing  of  involute  gear  teeth. 

This  imperfect  meshing  i-  caused  by  inaccuracies  in  tioth  tooth  spacing  and  profile, 
by  deflections  of  the*  t<  efh  caused  In-  loads,  and  by  movement  of  the  pitch  circles  of 
the  gears  due  lo  shaft,  bearing,  and  casing  deflection. 

Tooth  impact  causes  mesh  frequency  vibration  to  lie  introduced  into  the  system. 
This  vibration  is  transmitted  mechanically  through  the  system  lo  points  where  It  is 
dissipated  through  damping  or  acoustic  radiation. 

The  details  of  tooth  impac  t excitation  are  discussed  and  dependence  on  operating, 
design,  and  <iua1it\  control  parameter#  are  Identified. 

A prediction  method  is  uttered  to  account  for  as  mane  of  the  pertinent  excitation, 
transmission,  and  radiation  parameters  a.s-ure  identified  in  the  cited  literature.  These 
include,  in  part,  power  transmitted,  tooth  loading,  pitch  line  velocity,  tooth  profile 
error,  tooth  profile  roughness,  tooth  spacing  error,  tooth  alignment  error,  pitch, 
contact  ratio  approach  and  recess  angle,  pressure  angle,  helix  angle,  tcoth  face 
width,  backlash,  phasing,  housing  response,  bca ring  type,  installation  and  lubrication. 

The  authors  conclude  that  "the  wide  variation  in  gear  system  construction  makes 
accurate  prediction  of  the  gear  mdse  spectrum  an  impossible  task,  at  least  with  the 
present  level  of  knowledge  of  gear  r.  >ise  generation  and  radiation."  It  appears  that  the 
Lest  available  methods  tor  gear  noise  prediction  constitute  only  a rough  cut  at  the  final 
spectrum.  It  is  claimed  that  the  levels  of  the  dominant  meshing  frequencies  can  be 
predicted  within  <IH.  which  is  highly  quest  iomdile  based  on  the  known  variability  of 
casing  and  related  surface  radiation  properties. 


in 


Comparison  With  Similar  Papers 


This  report  reviews  the  detailed  gearing  noise  prediction  methods  of  References 
1,  2,  3,  4,  a and  others  and  concludes  that  they  are  of  limited  usefulness. 

Evaluation  of  Paper 

This  is  an  excellent  summary  of  gearing  noise  prediction  methods  including  those 
that  require  considerable  detailed  knowledge  of  the  transmission  design  and  those 
which  are  more  practical  and  more  easily  used.  The  prediction  method  proposed  Is 
applicable  to  a wide  range  of  gearing  types,  sizes  and  quality.  Helicopter  transmis- 
sions occupy  only  a small  portion  of  the  range  of  variables  covered. 
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Kartma^  R.  and  Badgley,  R. , "Model  301  HLH-  ATC  Transmission  Noise  Reduction 
Program",  l!SAAV:.ABS  Technical  Report  (Contract  DAAJ01-C-08  10),  January  1373, 

Purpose 

This  study  was  conducted  to  reduce  Heavy  Lift  Helicopter  transmission  noise  by 
identifying  problem  areas  analytically  and  making  design  changes  to  reduce  clash 
tivquency  vibration  and  noise. 

Summary 


Dynamic  testing  was  performed  on  a GH-47C  helicopter  transmission  with  inter- 
nal instrumentation  to  measure  strains,  accelerations,  and  displacements  of  rotating 
components,  and  external  instrumentation  to  measure  case  acceleration  and  raise. 

Test  results  were  used  to  verify  prediction  methodology  which,  in  turn,  was  used  to 
analyze  the  dynamic  response  of  the  HLH  transmission  components. 

Comparison  With  Similar  Papers 

This  is  a follow-on  to  work  reported  by  Laskin,  et  al1,  Badgley  and  Hartman2, 
and  Badgley  and  Laskin**. 

Evaluation  of  Paper 

Th*3  ieport  provides  some  of  the  most  detailed  analysis  of  transmission  clash  fre- 
quency dynamics  tn-date.  However,  details  of  the  computation  methods  used  for  sys- 
tem coupling  (except  for  torsional)  and  casing  response  are  not  Included.  It  provides 
good  tracking  of  the  flow  of  clash  frequency  energy  from  the  source  to  ultimate  points 
of  radiation. 
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Luskin,  I.,  Orcutt,  F.  K,  and  Shipley,  E.  ''Analysis  of  Noise  Generated  by  UH-1 
Helicopter  Transmission",  1'SAAV'l.AbS  Technical  Report  68-41,  June  IS68. 

Purpose 

The  purpose  was  to  develop  effective  technology  for  the  computation  of  helicopter 
gearbox  operating  nois<‘  and  to  apply  the  derived  technology  to  an  analysis  and  evalua- 
tion of  the  LH-l  helic  opter  main  transmission. 

Summary 

In  this  report,  two  basic  programs  which  were  developed  for  the  prediction  of 
gearbox  noise  at  clash  frequencies  are  described.  The  first  program  consists  of  a 
torsional  (Holzer)  analysis  of  the  system  taking  the  compliance  of  mating  gears  into 
acc  ount.  The  second  program  determines  the  excitation  introduced  into  the  system 
at  the  various  meshing  points  based  on  the  geometry  of  the  system,  including  the 
various  types  of  error  oceuring  in  aircraft  quality  gears.  Noise  is  determined  em- 
pirically, equating  clash  frequency  torque  oscillations  with  noise  generated. 

Comparison  With  Similar  Papers 

Tlus  study  forms  the  basis  for  the  analysis  of  gearbox  noise  carried  out  in  sev- 
eral follow-on  programs  including  those  reported  by  Badgley  and  Hartman^,  Badgley 
and  I.askin^,  and  Sternfeld,  et  al5. 

Evaluation  of  Paper 

The  work  required  to  predict  transmission  noise  is  prohibitive,  considering  the 
poor  results  attained  in  forecasting  absolute  levels.  However,  the  technique.  If  It 
can  fie  made  to  work,  is  helpful  in  felt  ntifying  possible  torsional  resonances  at  up  to 
clash  frequencies.  The  complete  lack  of  consideration  of  lateral. bending  of  compo- 
nents and  dynamic  component  mounting  Impedances  eliminates  one  very  important 
part  of  the  oven.ll  problem  from  any  consideration. 


life 


;g,  tt.  J. , Henderson,  H.  H.  and  HiHot:,  L>.  A.,  "Re salts  of  the  Flight  Kolse 
!»  uaurometit  Program  t'slng  A Standard  and  Modified  SH-3A  Helicopter",  hTASA 
1 ccftnleal  Note  D-7.i.tu,  ik-yennbyr  1073. 

Purpose* 

This  Technical  Note  reports  the  noise  characteristics  of  a standard  SH-3A  heli- 
copter and  a version  modified  for  lower  noise  generation. 

Summary 

This  report  presents  hover  external  noise  narrow  band  spectra  £•  •.  *ir<  tall  rotor 
gearbox  noise  level  of  55  dU  at  750  Hz  and  at  a lateral  distance  of  Le-t  f *‘i  - nd  270 
degrees  azimuth  at  lo  foot  hover.  Power  to  the  gearbox  la  approximately  LOO  horse- 
power at  this  condition. 

Comparison  With  Similar  Papers ■" 

This  work  was  performed  as  part  of  the  same  general  effort  as  reported  In  Refer- 
ences 7 and  H, 

Evaluation  of  Paper 

This  report  contains  far-ftcld  teat  rotor  gearbox  noise  useful  for  estimating  pur- 
poses. 
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Si-bligd,  K.  G.  anti  Marti,  K.  (i.,  "T  ransmission  N’oise  Control  - Approaches  tn 


Helicopter  Design",  AS  ME  paper  67-DE-5.1,  May  1967. 


PUfpOSQ 

This  effort  was  conducted  to  define  a number  of  methods  which  may  be  em- 
ployed to  reduce  the  level  of  dash  frequency  noise  generated  by  transmissions. 

Summary 

Tills  report  provides  design  criteria  for  several  schemes  proven  to  be  useful  In 
reducing  transmission  noise  emission  in  helicopter  and  other  transmissions.  Tables 
cii  scribe  the  degree  of  noise  reduction  available  through  the  employment  of  each  of 

these  measures. 

Comparison  With  Similar  Papers 


This  report  covers  a broad  spectrum  of  possible  gear  noiBe  reduction  meaauraa, 
some  of  which  are  treated  in  more  detail  in  othc-r  reports. 

Evaluation  of  Paper 


General  guidelines  are  presented  for  low  noise  gear  design.  The  only  specific 
teennique  detailed  is  that  of  phasing  planetary  system  gear  clash  for  cancellation  In 
the  ring  and  sun  gears. 
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K.-port  7_'-il,  An.ja.~-t  P)7:r. 


I ) c (jurj.'-si-  'ii  this  . tU'ly  was  r«.  dt  torie.i;ie  the  transmission  nor-e  reduction  jxj- 
«il  <ly  un.ir  gear  vibration  absorbers  ami  gear  damping  by  testing  in  a helicopter 


transmission. 


summary 


\.,isr  ri*>lu<  ti..ns  attained  were  as  high’ as  n dli  for  some  of  the  selicrr.es  tested, 
if  . .%•* v ei'f  these  reductions  were  local  in  nearly  all  cases,  resulting  in  little  or  no 
change  in  the  total  noise  and  vibration  output  of  the  transmission  system.  Further 
-t udie.s  are  called  lor  to  identify  the  reasons  for  this  result  In  terms  of  casing 

response. — ~ 

Coiiip-'irlMin  With  -Similar  Papers 

l his  is  an  application  of  the  gear  noise  analysis  techniques  of  References  1 and  3 
to  reduction  <»t  cl  ash  Irequeney  and  noise. 

1-.  ilnatlon  ot  Paper 

The  report  show-  that  some  noise  reduc  tions  arc  attainable  via  energy  absorbing 
systems.  However,  tin  relatively  small  reductions  achieved  indicate  that  the  total 
dynamic  system  behavior  must  lie  better  understood  If  significant  reductions  in  net 
noise  radiation  are  to  be  achieved  via  the  techniques  evaluated. 
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Sub  fee  t lvc  Reaction  Capsule  Sunraarles 


Adcock,  B.  D.  and  Olleihcad,  J.  B.t  "Effective  Perceived  Noise  Level  Evaluated  tor 
ST>  >1.  and  Other  Aircraft  Sounds",  FAA-NO-70-5.  May  1S70. 


The  author's  intention  was  to  determine  the  ability  of  the  Effective  perceived 
Noise  Level  (EPNL)  and  other  scales  to  predict  the  responses  of  subjects  to  the  sounds 
of  a variety  of  aircraft,  including  those  powered  by  turbofan,  turbojet,  piston  and  tur- 
boprop propulsion  systems. 

Summary 

Testing  indicated  that  the  differences  between  the  various  rating  scales  are  typi- 
cally of  the  same  order  as  the  experimental  error  incurred  in  performing  the  tests. 

It  is  suggested  that  future  effort  be  directed  to  explaining  the  deficiencies  of  the  vari- 
ous rating  systems  which  cause  them  to  yield  substantial  differences  between  the 
rated  and  judged  noisiness  of  the  various  classes  of  aircraft. 

Comparison  With  Similar  Papers 


The  conclusions  generally  agree  with  others  (e.g. , References  1,  2,  5,  K and  II) 
that  dBA  is  a reasonable  compromise  unit  for  quantifying  helicopter  noise  annoyance. 

Evaluation  of  Paper 

The  most  significant  result  from  this  study  is  that  all  of  the  rating  schemes 
tested  attained  similar  standard  deviations  about  their  regression  lines,  indicating 
similar  accuracy  (or  forecasting  the  subjective  annoyance  of  the  STOL  and  CTOL 
sounds  tested.  The  rating  scales  evaluated  were:  PNL,  PNLT,  Ll.(S),  LL(Z), 
SPI,(A),-SPL(H),  SPL(C'),  SPI.(D),  and  CASPL.  Hence,  for  turbofan,  turbojet,  and 
pi  ope  Iter  driven  STOL  aircraft,  any  of  the  above  ratings  is  equally  goes!  (or-  bad)  at 
predicting  subjective  reaction  from  the  community. 


A v <: .vinous,  "Impart  t‘ ha i :u  teri-Mth m nl  Noise  Including  Implications' of  Identifying 
.t:..;  At  Levels  u)  ( emulative  Noiae  -exposure",  Environmental  Protection 

\ Aiivr  i It  Noise  Study  Report  NTID  7, '1.4,  July  27.  1D73. 


1 he  purpose  of  this  noise  study  was  to  determine  the  merits  and  shortcomings  of 
methods  to  cliarai  teri/c  toe  impact  of  noise  of  present  or  proposed  airport,  aircraft 
operations  on  the  putilic  health  and  welfare,  determine  which  method  is  most  suitable 
ior  adoption  bv  the  Federal  Government,  and  determine  the  implications  of  issuing 
federal  retaliations  establishing  a standard  method  for  characterizing  the  noise  from 
.tin  rail  airport  u|>r  rations  and  of  specifying  maximum  permissible  levels  for  the  pro- 
tection of  !(.<•  public  health  and  -wlfare. 

Summary 

This  report  proposes  the  use  of  L,tn  for  the  objective  evaluation  of  environmental 

noise;  It  Tvcu  m me ndsalevej<7f  JL(|n  - 60  as  realistic  and  acceptable  for  control  of 
hearing  loss,  speech  communication,  annoyance  and  general  health.  It  recommends 
lowering  of  the  allowable  level  by  from  2 to  5 dB  for  environments  where  pure  tones 
are  known  to  be  present.  The  constituents  of  L«in  are  given,  including  a single  event 
parameter  called  Sound  Exposure  Level  which  is  applicable  to  a single  aircraft  pas- 


Cuimjnrlson  With  Similar  Papers 


1 Ids  document  forms  a strong,  well  supported  case  for  the  use  of  the  recom- 
mended community  noise  criteria.  It  forms  the  baBts  for  the  studies  reported  by 
Mintorkojsor  and  Sternfeld10  and  Munch  and  King11  which  were  aimed  specifically 
at  the  helicopter  application. 

Evaluation  of  Paper 


Tin:  report  forms  an  excellent  case  for  tho  adoption  of  L^n  3 a8  the  ultimate 
goal  ior  the  noise  environment.  However,  it  does  not  tako  fully  into  account  the 
realities  of  the  current  noise  environment  where  this  limit  is  commonly  exceeded  and 
where  Its  Imposition  would  be  meaningless  and  would  impose  severe  limitations  dn 
many  segments  of  the  business  community.  It  acknowledges  that  the  proposed  goal 
should  be  subject  to  a > rhedule  for  implementation  but  doeB  not  detail  such  a schedule 
or  interim  goals. 


122 


I 


7- , ,C'  R- ' , "llclic°P‘»  K°teton  and  it.  EHecb  on  rw. p 

^ - as«h  *Wto.  Helicopter  Society  Forem  »,,  .oca’ 


Purpose 


*• — w *-i 


= ”r~ 

Comparison  With  Similar  Papers 

.he  li^ra««ra”uihl  I21S,Pre“"ted  *r“  8e"era1”’  *“k  “«*  »f  -he  remainder 

eovirr^JarSnfeT”8  *“  — *"<•  « 

Evaluation  of  Paper 

-vazsss^^-^sssr- 


Edge,  P.  M.,  Chambers,  R.  M.  and  Hubbard,  H.  H. , "Evaluation  of  Measure*  of 


Aire  rah  Noise",  Proceedings  of  NASA  Aircraft  Safety  and  Operating  Problems  Con- 


ference, NASA  SP-270,  Volume  I,  1971. 


This  report  discusses  the  status  of  development  of  measurement  units  to  properly 
represent  human  responses  to  aircraft  nolBe. 


Summary 


This  paper  identifies  various  ways  in  which  aircraft  noise  affects  people  Including 
annoyance,  speech  interference,  etc.  It  summarizes  subjective  testing  procedures,, 
types  of  rating  units,  peak  versus  effective  measures  of  noise  impact,  and  references 
the  relevant  studies  performed  up  to  the  date  of  ihe  report. 


Comparison  With  Similar  Papers 


None. 


Evaluation  of  Paper 


This  is  a summary  of  the  state  of  the  art  in  measurmeot  of  hums 
noise  in  1971.  Quantitative  data  Is  not  presented. 


response  to 


Kick  11,  S.  and  Pearsons,  K.  S.  t "Study  of  the  Audibility  of  Impulsive  Sounds",  NASA 
CR-159S,  May  1070. 


Purpose 

This  study  was  conducted  to  perform  experiments  to  investigate  the  effect  of 
phase,  duration,  intersignal  interval,  repetition,  and  frequency  on  the  perceived 
noisiness  of  impulsive  signals. 

Summary 

Six  experiments  were  performed  in  an  ancchoic  chamber  to  investigate  the  effects 
of  physical  parameters  on  impulsive  noise  subjective  noisiness.  Five  transient  wave- 
forms (not  repetitive)  were  used  for  testing.  It  was  found  that:  the  phase  spectrum  of 
an  impulsive  signal  is  irrelevant  in  establishing  its  perceived  noisiness,  the  ear's 
sensitivity  to  noisiness  of  impulsive  signals  resembles  an  energy  summation  process 
for  which  no  sped  He  time  constant  was  found,  and  the  common  correction  contours 
(such  as  dBA,  dBN,  and  PNL)  may  undercorrect  in  the  low  frequency  regions. 

Evaluation  of  Paper 

The  work  presented  is  not  necessarily  applicable  to  repetitive  impulsive  noise 
such  as  that  from  a helicopter.  The  psychoacoustic  consequences  of  these  results, 
which  were  performed  for  single  transient  impulse  noises,  are  not  substantiated  for 
repetitive  impulses. 
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Halwcc,  Li.  R. . " 


coctcr  Society).  February  1971. 


to  Minimize  Nolee",  Vertifltte  (American  Heli- 


Pumoso 


To  determine  the  flight  conditions  which  cause  high  noise  levels  in  a 
transport  helicopter. 


Summary 


A Bell  205  class  helicopter  was  flown  through  an  exteartve  flight  program  to  idea 
tlfy  the  flight  regimes  which  generated  blade  slap  noise.  These  regimes  are  presented 
in  the  form  of  an  area  to  be  avoided  on  a plot  of  airspeed  versus  rets  of  climb  or  rate 
of  descent.  There  were  four  categories  of  blade  siap  Identified:  Intermittent  slam 
continuous  slap,  loud  slap,  and  maximum  slap.  It  was  found  that  the  areas  generating 
the  higher  blade  slap  levels  can  be  avoided  by  making  pilots  swsre  of  them  and  alter- 
ing their  flight  techniques  appropriately.  Reductions  of  Perceived  Noise  Level  on  the 
order  of  10  PNdB  were  attained  by  using  the  modified  flight  profile. 

Comparison  With  Similar  Papers 


This  paper  supplements  the  work  on  trajectory  effects  in  which  may  be 
References  9,  10,  11,  13  and  14. 


Evaluation  of  Paper 

This  paper  provides  a clear  indication  of  the  Importance  of  blade  slap  la  domi- 
nating helicopter  noire  levels  when  it  occurs,  8tace  PNL  was  ased  la  evsHmHng  the 
relative  annoyance  of  the  helicopter  with  and  without  blade  slap,  the  actual  subjective 
difference  to  observers  is  probably  much  greater  than  the  meuered  difference  In- 
dicates. 
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Htvkcr,  M.  H.  L.  ami  Kryter,  K.  1). , "Comparisons  Between  Subjective  Ratings  of 
Aircraft  Noise  and  Various  Subjective  Measures",  FAA  NO-6H-33,  April  1968. 

Purpose 

This  study  was  undertaken  to  evaluate  various  established  and  proposed  objective 
methods  of  measuring  aircraft  noise  relative  to  their  ability  to  predict  subjective 
ratings  of  the  acceptability  of  noise  produced  by  present-day  commercial  arlcraft. 

Summary 

paired  comparison  tests  were  performed  using  tape  recorded  flyovers  of  several 
types  of  aircraft  during  take-off  and  landing  operations.  Objective  measures  were  - 
computed  for  the  level  of  each  sound  and  for  a comparison  (reference)  sound  for  each 
aircraft  operation.  The  relative  accuracy  with  which  the  objective  measures  pre- 
dicted the  subjective  ratings  was  expressed  in  terms  of  the  variance  in  the  computed 
values  of  each  objective  measure.  The  smallest  variance  was  associated  with  a 
measure  that  takes  into  account  the  spectral  properties  of  a given  flyover  for  its  en- 
tire duration  and  also  the  presence  of  pure  tones  or  other  narrow-band  energy  con- 
centrations. 

Comparison  With  Similar  Papers 

The  data  suggests  that  A-welghted  SPL  is  a practical  compromise  to  rate  air- 
craft noise  annoyance.  The  results  presented  herein  are  consistent  with  those  of 
Pearsons1,  Sternfeld,  ct  al^,  Olierhead®,  Adcock7,  and  Munch  and  King1*. 

Evaluation  of  Paper 

The  paper  .indicates  that,  for  maximum  or  peak  values,  a weighted  Sound  Pres- 
sure Level  (SPL)  is  as  good  or  better  than  the  Perceived  Noise  Level  (PNL),  which 
requires  a calculation  rather  than  simply  a direct  readout.  A tone  correction  seems 
to  improve  correlation  as  does  a duration  correction  (an  Integrated  duration  correc- 
tion is  preferable).  It  appears  that  the  use  of  a tone  correction  with  diminished 
weighting  below  500  Hz  and  an  Integrated  duration  correction  applied  to  any  one  of 
several  basic  human  hearing  response  weighting  functions  results  in  a relatively 
accurate  objective  noise  rating  scale.  Attempts  to  "fine  tune"  a rating  scale  from 
this  liet  of  requirements  seem  to  constantly  run  into  the  law  of  diminishing  returns 
in  terms  of  reduced  standard  deviation  between  objective  and  subjective  measure- 
ments of  noise.  Impulsive  noise  Is  not  treated  at  ail  here  nor  Is  any  low  frequency 
helicopter  type  rotational  noise. 
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Hinterkeuser,  E.  C.  and  Sternfeld,  H.t  "Civil  Helicopter  Noise  Assessment  Stud; 
Boeing  Vertol  Model  347",  NASA  CR-132520,  May  1974. 

purpose 

To  forecast  the  certification  and  community  noise  acceptance  criteria  for  heli- 
copters in  the  1975-1965  time  period.  To  determine  the  noise  reductions  required  on 
the  Boeing-Vertol  347  helicopter  to  meet  these  criteria  and  the  means  of  achieving 
them. 

Summary 

The  certification  limit  recommended  is  95  Effective  Perceived  Noise  Level  deci- 
bels (EPNdB)  at  points  located  500  feet  to  each  side  of  the  touchdown/takeoff  point  and 
1U00  feet  from  this  point  directly  under  the  approach  and  departure  flight  path.  Com- 
munity acceptance  would  be  measured  as  Equivalent  Noise  Level  (Leq),  based  on  dBA, 
with  separate  limits  for  day  and  night  operations.  Modiiicatlons  required  to  the  model 
347  helicopter  to  meet  these  requirements  Include:  new  blade  tips,  rotor  blade  geom- 
etry modifications.  Increased  fuselage  length,  and  engine  silencing. 

Comparison  With  Similar  Papers 

This  la  a parallel  study  to  that  reported  by  Munch  and  King11  with  basic  differ- 
ence only  in  the  recommendation  for  use  of  EPNL  over  dBA  in  rating  basic  helicopter 
noise. 

Evaluation  of  Paper 

This  was  a comprehensive  study  which  considered  many  current  systems  of  rating 
aircraft  and  community  noise  annoyance.  It  concludes  that  the  A-weighted  sound 
pressure  level  provides  the  best  means  to  denote  acceptable  community  noise  by  al- 
lowing the  helicopter  to  generate  a time  average  noise  level  equal  to  the  noise  level 
In  the  community  without  the  helicopter  in  cases  where  the  community  ambient  noise 
Is  greater  than  the  allowed  Leq  levels  of  60  and  50  for  day  and  night,  respectively. 
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I c.ert»n,  ■».  \V. , "lli  lit  »»r»tt-r  Noise  - An-  Existing  Methods  Adequate  for  Rating 
Annoyance  or  l.ouiTru  s.1  '*  ",  .Journal  of  Tin-  American  Helicopter  Society,  April  1974. 

Pu  m isr 

To  establish  the  validity  of  using  Perceived  Noise  Level  (PNL)  or  A-weightod 
sound  pressure  level  MBA i for  rating  the  effects  of  helicopter  noise  on  listeners. 

Summary 

This  work  demonstrates  that  the  existence  of  blade  slap  or  tail  rotor  whine  in  a 
helicopter  noise  s|sctrum  makes  (he  rating  measures  far  from  accurate.  The  paper 
recommends  that  a new  approac  h to  the  rating  of  helicopter  r.oisc  be  developed. 

Comparison  With  .Similar  Papers 

It  is  possible  that  a biadc  slap  noise  rating  factor  could  be  called  for  In  this  paper. 
Evaluation  of  Paper 

Tills  paper  makes  a good  case  for  the  inaccuracy  of  conventional  noise  rating 
schemes  in  dealing  with  spectra  containing  impulsive  noise. 
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Munch,  C.  L. , "Prediction  of  V/STOL  Notse  for  Application  to  Community  Noise 
Ensure",  Department  of  Transportation  Report  No.  DOT-TSC-QST -73-19,  May 

Purpose 

The  objective  of  this  program  was  to  develop  a computer  program  for  the  predic- 
tion of  Effective  Perceived  Noise  Level  (EPNL),  tone  corrected  Perceived  Noise 
Level  (PNLT),  and  the  A-weighted  sound  pressure  level  (dBAj  of  a V/STOL  vehicle 
as  it  flies  along  a prescribed  takeoff,  cruise,  and  landing  flight  path. 

Summary 

The  objectives  described  above  are  achieved.  Procedures  used  to  predict  noise 
radiation  by  helicopter  rotors,  propellers,  turboshaft  engines,  lift  and  cruise  fans, 
and  jets  are  described  in  detail.  A program  and  users'  guide  are  furnished.  Impul- 
sive type  rotor  noise  from  helicopters  is  not  treated,  nor  is  noise  from  deflected  jets, 
augmentor  wings,  blown  flaps,  and  otter  high-lift  devices  for  which  definitive  predic- 
tion methods  were  not  yet  available. 

Comparison  With  Similar  Papers 

Tills  is  a good  program  to  evaluate  operational  and  design  change  Impact  on  noise 
levels  of  a variety  of  aircraft. 

Evaluation  of  Paper 

This  report  shows  excellent  correlation  for  turboshaft  powered  helicopter  and 
turboprop  STOL  cases  which  were  the  only  ones  checked.  It  Is  considered  a very 
useful  program  for  providing  aircraft  noise  input  to  V/STOL  port  planning  studies. 
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Mu.-.'-  h,  C.  1..  ami  King,  R.  , "Community  Acceptance  ol  Helicopter  NqIpc-.  Criteria 
ana  Xpplica’ion",  NASA  CR-bbi-bU),  071. 

Pu  ly  >' 


In  define  criteria  for  noise  of  i ivil  helicopters  to  make  their  operations  accept  - 
th!e  to  the  ('•immunity  neighboring  terminals  and  flight  paths  and  to  evaluate  a current' 
generation  civil  transport  helicopter  against  this  criterion  U>  determine  the  operating 
conditions,  terminal  area  requirements,  and  acoustical  modifications  necessary  for 
compliance. 

Su  mm  ary 

The  ••riterion  found  to  be  compatible  with  communities  was  ihe  Day-Might  Noise 
Level  at  a constant  level  ol  till  dllA  for  ambients  up  to  5-  dJVA  and  an  "impact 

to  ambient"  of  2 dDA  for  ambients  above  this  level.  This  criterion  was  found  to  be  in 
accordance  with  multinational  aircraft  noise  regulated  levels,  with  state  regulation*, 
and  with  community  noise  ordinances  in  existence  at  the  time.  It  was  determined  that 
the  unmodified  helicopter  met  the  c riterion  in  cruise  flight  at  typical  alhtudea,  but 
modifications  to  the  main  and  tail  rotors  and  the  engines  were  necessary  far  terminal 
area  operations  to  attain  realistic  land  area  requirements. 

Comparison  With  Similar  Papers 

This  is  the  best  case  made  for  use  of  dl»A  and  Ljyjsj  in  evaluating  aircraft  noise 
and  community  impact.  The  study  is  parallel  to  that  of  Reference  10. 

Evaluation  of  Paper 

This  was  a comprehenlsve  study  which  considered  most  current  systems  of  rating 
aircraft  and  community  noise  annoyance.  It  coecludes-that  the  A-welghtec.  sound 
pressure  level  provides  the  best  combination  of  accuracy  and  practicality  for  use  In 
rating  community  reaction  to  helicopter  noise.  It  uses  this  number  as  the  basis  for  a 
comprehensive  rating  scheme  whic  h combines  the  effects  of  sound  level,  sound  dura- 
tion, ambient  noise  level,  time  of  day,  number  of  flights,  and  the  human  hearing 
response.  A unique  criterion  is  also  developed  to  Identify  the  presence  of  rotor  blade 
slap  In  a helicopter  noise  signature  and  to  quantify  the  effect. 
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Llorhead,  J.  B. , "Ac  oustic  Considerations  in  the  Design  of  a Quiet  Helicopter", 

'A  >Ic  Laboratories  Technical  Report  WRTO-3. 

Purpose 

The  purpose  of  this  study  was  to  relate  certain  helicopter  design  and  operation 
parameters  to  the  production  of  noise  and  its  resultant  aural  detection. 

Summary 

This  paper  reviews  acoustic  factors  to  be  considered  in  the  design  of  quiet  heli- 
copters and  the  basics  of  aural  detection,  discusses  Lowson  type  methodology  for 
rotor  noise  prediction,  and  presents  some  trends  for  design  and  operation  parameters 
to  yield  up  to  20  to  1 reductions  in  aural  detection  distance  relative  to  conventional 
helicopters  designed  with  no  regard  to  the  aural  detection  problem. 

Comparison  With  Similar  Papers 

Although  quantitative  comparisons  of  annoyance  versus  sural  detectability  are 
difficult  to  make,  this'paper  could  supplement  References  9,  10,  and  13  in  outlining 
design  practice  for  low  noise  generation  in  helicopters. 

Evaluation  of  Paper 

No  unique  Information  is  presented,  but  a good  review  of  noise  prediction  and 
aural  detection  prediction  techniques  is  provided  In  this  report. 


Aircraft  Noise  Perception".  Journal  of  Sound  and  Vibra- 


tion, Volume  20,  No.  3,  1973. 


To  perform  extensive  experimentation  to  determine  the  practical  differences  be- 
tween numerous  alternative  methods  for  calculating  the  perceived  levels  of  individual 
aircraft  ilyover  sounds. 

Summary 

One  hundred  and  twenty  recorded  sounds.  Including  Jets,  turboprops,  piston  alr- 
cratt,  and  helicopters  were  rated  by  a panel  of  subjects  In  a paired  comparison  teat. 
The  results  were  analy/.ed  to  evaluate  a number  of  noise  rating  procedures  In  termB 
of  their  ability  to  accurately  estimate  both  relative  and  absolute  perceived  noisiness 
over  a wider  dynamic  range  (84-1 15  dU  SPL)  than  had  generally  been  used  in  previous 
experiments.  The  performances  of  the  different  scales  were  examined  in  detail  for 
different  aircraft  categories,  and  the  merits  of  different  band  level  summation  proce- 
dures, frequency  weighting  function,  and  duration  corrections  were  Investigated. 

Comparison  With  Similar  Papers 

This  Is  a short  form  of  the  author's  report.  Reference  4.  This  Is  an  extensive 
study  using  better  noise  reproduction  than  most  others. 

Evaluation  of  Paper 


Several  conclusions  from  this  study  arc:  perception  of  low  frequency  harmonic 
sound  (from  helicopters  particularly)  needs  further  study  as  poor  correlation  was 
attained;  the  Influence  of  dopplcr  shift  on  perceived  noisiness  is  not  conclusively 
know,  as  ft  seems  important  in  latx>ratory  simulations. but  not  in  actual' aircraft  fly- 
overs; tone  corrections  are  not  particularly  beneficial  below  500  Hz  and  should  be 
ignored  in  this  range,  three  dli  per  doubling  of  the  number  ol  exposures  is  accurate. 
The  data  shows  slight  superiority  of  PNL  and  EPNL  over  dDA  and  EdBA  (effective 
A -weighted  sound  pressure  level).  Standard  deviations  between  subjective  and 
objective  data  were  4.0  and  3.5  for  PNL  and  EPNL,  respectively,  and  4.9  and  4.2 
for  dUA  and  EdBA,  respectively  for  helicopter  noise. 


Ollt-rhoad,  J.  B.  and  Lowson,  M.  V. , "Problems  of  Helicopter  Noise  Estimation  and 
Reduction”,  A LA  A Paper  No.  69-195,  February  1969. 


Purpose 

To  present  a solution  for  the  prediction  of  helicopter  rotor  rotational  noise  and 
design  charts  ior  reduction  of  this  type  of  noise. 

Summary 

This  paper  presents  a closed  form  solution  for  the  prediction  of  helicopter  rotor 
rotatio.ial  noise  and  design  charts  identifying  parametric  changes  for  Its  reduction. 
Noise  reduction  requirements  are  derived  on  the  basis  of  aural  detection  of  the  heli- 
copter. 

Comparison  With  Similar  Papers 

This  paper  discusses  noise  reduction  as  keyed  to  aural  detection,  as  was  done  by 
Ollerhead12.  Aural  detection  is  generally  controlled  by  rotor  rotational  noise  in  heli- 
copters. This  type  of  noise  is  also  significant  in  annoyance  in  some  cases. 

Evaluation  of  Paper 

This  paper  does  not  deal  with  the  subjective  evaluation  of  helicopter  noise  as  a 
whole.  However,  it  is  useful  In  defining  criteria  for  and  the  means  to  reduce  rota- 
tional noise  at  extremely  large  distances,  where  it  is  first  detected  aurally. 
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pi-  ti-soiis,  K. , "Noisiness  Ju«l^nn-:»t h of  Helicon!  .-r  Flyovers",  FAA  DS-67-1, 

■l.tr.j  ji'y  1'JtiT. 

Purpose 

To  determine  the  applicability  of  several  objective  rating  measures  in  predicting 
the  subjective  re sjxm.se  to  helicopter  flyover  noise. 

Summary 

Tests  were  conducted  in  which  21  college  students  judged  the  noisiness  of  eight 
recorded  helicopter  flyover  noises  versus  a jet  transport  flyover  noise  and  a shaped 
bar:.!  of  nol.-v.  Tests  were  conducted  In  an  am  cholc  chamber  using  primarily  the 
method  of  paired  comparisons.  I he  results  inlicate  that  the  calculated  perceived 
Noise  Level  (PNL)  is  the  best  predictor  of  noisiness,  followed  closely  by  the  N-welght- 
c-d  sound  pressure  level  (riltN)  anti  the  A-weighted  sound  pressure  level  (dBA).  Dura- 
tion and  |»ure-tone  corrections  applied  to  the  calculated  PNL  did  not  Improve  the  pre- 
diction accuracy  of  this  measure. 

Comparison  With  .Similar  Papers 

Thus  work  was  aimed  solely  at  helicopter  noise.  The  conclusions  are  Bimllar  to 
those  of  IteferenrcH  2,  •>,  7 and  11. 

K valuation  of  Paper 


This  report  indicates  that  dbA  is  approximately  the  same  accuracy  as  PNL  in 
judging  the  subjective  annoyance  of  helicopter  noise. 
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Pears -ins,  K.  S.  am)  Bennett,  R.  L.,  "Handbook  of  Noise  Katings",  NASA  CR-2376, 
Apri'  1074, 


Purpose 

To  provide  compilation,  in  a concise  form,  of  information  describing  the  multi- 
tude of  noise  rating  schemes  which  are  in  use  today. 


Summary 

This  book  contains  descriptions,  title,  unit,  definition,  applicable  standards,  pur- 
pose, background,  calculation  method,  and  example  (if  usage  for  pearly  all  current 
noise  rating  schemes.  Categories  of  rating  schemes  covered  are:  direct  ratings  of 
sound  level  (Sound  Level  Meter  type  weighting  functions  which  are  not  amplitude  vary- 
ing), computed  loudness  and  annoyance  ratings  (Including  those  variants  dealing  with 
tone,  duration,  and  number  of  repetition  corrections),  communication  interference 
ratings,  and  community  response  ratings. 


Comparison  With  Similar  Papers 

This  report  provides  a su  “vmary  of  all  of  the  noise  rating  schemes  discussed  and 
evaluated  in  the  papers  summarized  in  this  section. 

Evaluation  of  Paper 


This  is  an  excellent  "single  source"  of  material  on  all  of  the  significant  methods 
of  rating  noise  effects  on  man. 


Sti-pnit  vvski,  W.  Z.  and  Schmitz,  F,  11. , "Possibilities  and  Problems  of  Achieving 
Community  Noise  Acceptance  of  VTOL",  International  Council  of  the  Aeronautical 
Sciences,  ICAS  Paper  72-34,  September  1972. 


Purpose 

The  purpose  of  this  study  was  to  investigate  the  reduction  of  the  acoustical  annoy- 
ance of  VTOL  aircraft  by  reduction  at  the  source  through  aircraft  design  and  by  flight 
path  management. 

Summary 

This  paper  presents  first  a review  of  noise  standards.  Typical  transport  aviation 
noise  standards  are  shown  which  project  85  EPNdB  by  1985.  As  current  state-of-the- 
art  rotary  wing  VTOL  transports  indicate  an  annoyance  level  of  approximately  95 
EPNdB,  this  goal  requires  a 10  dB  reduction  in  noise  level.  However,  recent  studies 
have  shown  that  a relative  elevation  of  the  noise  level  above  that  of  the  background 
represents  a very  important  criterion  of  the  acoustic  tolerance.  The  results  of  the 
study  indicate  that  up  to  10  EPNdB  above  daytime  background  noise  level  will  result 
in  essentially  no  reaction  from  the  community,  whereas  a 20  EPNdB  increase  will 
cause  widespread  complaints.  It  is  also  pointed  out  that  PNL  or  EPNL  may  not  be 
suitable  for  true  indications  of  subjective  reaction  to  the  noise  from  different  types  of 
aircraft. 

In  the  second  part  of  the  paper,  the  reduction  of  noise  at  the  source  is  discussed. 
Although  an  attractive  overall  criterion  for  assessing  the  penalties  of  noise  reduction 
is  the  direct  operating  cost,  it  is  difficult  to  calculate  and  does  not  permit  a direct 
step-by-step  evaluation.  Thus,  the  authors  present  their  results  as  weight  and/or 
performance  penalty  vs.  noise  reduction  attainable.  They  present  the  major  noise 
sources,  which  are  in  order  of  decreasing  importance:  blade  slap,  tail  rotor  rota- 
tional noise,  main  rotor  noise,  turbine  engine  noise,  and  transmission  noise.  The 
phenomenon  and  alleviation  of  each  ^source  are  discussed  in  turn,  including  a discus- 
sion of  the  associated  weight  and  performance  penalties  for  noise  reduction.  Rotary 
wing,  tilt  rotor,  and  lift  fan  concepts  are  discussed. 

It  is  concluded  that  for  two  typical  suburban  communities,  a reduction  in  noise 
level  at  the  source  of  about  10  PNdB  is  required  for  current  state-of-the-art  rotary 
wing  aircraft,  and  more  than  20  PNdB  for  lift  fan  concepts.  However,  reducing  the 
rotor  tip  speed  (the  most  powerful  noise  reduction  effect)  for  a 10  PNdB  noise  reduc- 
tion will  result  in  large  weight,  and  performance  penalties.  Flight  trajectory  manage- 
ment has  potential  for  reducing  "footprint"  area,  but  there  are  too  many  variables 
(specified  level  of  annoyance,  whether  buffer  strips  are  used,  ambient  noise  level, 
etc.)  for  general  assessment  of  the  benefits  of  this  approach. 
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Comparison  With  Similar  Papers 

This  paper  presents  a general  overview  of  the  major  noise  sources  in  Helicopters 
and  other  VTOL  aircraft  and  their  alleviation.  Other  general  noise  source  mechanisms 
are  discussed  by  Ollerhead1-,  Cuxla,  and  others,  and  this  paper  presents  no  new  in- 
formation in  this  area.  The  data  from  the  Model  1147  has  been  discussed  elsewhere  by 
Hinterkcuscr  and  Sternfeld10  as  has  the  use  of  trajectory  changes  by  the  same 
authors1-1. 

Evaluation  of  Paper 

This  paper  presents  a good  comprehensive  review  of  the  major  noise  sources  in 
VTOL  aircraft  and  means  for  alleviating  the  noise  at  the  source  and  through  take-off 
and  landing  flight  path  optimization.  Although  essentially  no  new  Information  is  pre- 
sented, it  does  give  the  reader  a good  overview  of  the  VTOL  aircraft  noise  picture. 

The  major  elements  in  assessing  the  community  acceptance  of  VTOL  aircraft 
operation  are  well  presented.  However,  this  paper  would  be  strengthened  if  it  ad- 
dressed the  basic  problem  of  assessing  subjective  reaction  to  very  different  noise 
signatures  (i.e. , from  rotary  wings  to  tilt  rotors  to  lift  fans)  using  PNdB  units, 
which  have  been  shown  to  be  inadequate  for  helicopters  in  general,  particularly 
in  the  case  where  blade  slap  occurs1,2,  11 . 
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Su-nifelrt,  H.,  Hintcrl-euser,  E,  G.t  Hackman,  R.  D.  and  Davis,  J. , "Acceptability 
of  VTOL  Aircraft  Noise  Determined  by  Absolute  Subjective  Testing",  NASA  CR-2043, 
June  1972. 

Pui^ose 

To  determine  the  relative  subjective  acceptability  of  two  VTOL  aircraft  sounds 
using  absolute  subjective  testing  methodology  and  to  investigate  the  effects  of  the 
application  of  noise  criteria  to  VTOL  aircraft. 

Summary 

A program  was  conducted  in  which  test  subjects  evaluated  the  simulated  sounds  of 
a helicopter,  a tilt  wing  and  a turbojet  aircraft  (used  as  a reference).  Over  20,000 
evaluations  were  made  while  the  test  subjects  were  engaged  in  work  and  leisure  activ- 
ities. The  effects  of  level,  exposure  time,  distance  and  aircraft  design  on  subjective 
acceptability  were  evaluated.  It  was  found  that  the  helicopter  and  tilt  wing  sounds  had 
to  be  4 to  5 PNdB  lower  than  the  reference  sound  to  be-  judged  equal  In  annoyance  for 
sounds  15  seconds  in  duration.  & was  also  found  that  the  effects  of  noise  duration 
decrease  when  durations  exceeded  120  seconds  and  that  good  correlation  was  obtained 
between  subjective  ratings  and  acoustical  measurements  of  helicopter  and  tilt  wing 
VTOL  sounds.  Peak  PNL,  dBA,  and  dBC  produced  similar  correlation. 

Comparison  With  Similar  Papers 

The  results  presente  d In  this  paper  correlate  with  those  of  References  1,  2,  6, 

7 and  11.  > 

Evaluation  of  Paper 

This  report  indicates  that  PNL,  dBA,  and  dBC  produce  similar  results  in  pre- 
dicting annoyance  of  VTOL  noise  and  that  they  all  underpredict  the  annoyance  relative 
to  subjective  evaluation. 


Ul 


\VVIis,  R.  J. , "Jury  K;  tings  of  Complex  Aircraft  Noise  Spectra  Versus  Calculated 
Kntings",  Acoustical  Society  of  America,  auth  Meeting  November  1070. 

Purpose 

This  paper  presented  the  results  of  a study  which  had  the  objective  of  determining 
the  accuracy  of  several  noise  rating  systems  in  predicting  the  annoyance  of  several 
fixed  wing  aircraft  noise  spectra. 


Summary 


Engine  noise  spectra  (la  in  all;  were  reproduced  inside  an  anochoic  listening 
facility  and  judged  by  a sound  jury  !<<:•  annoyance.  The  method  of  adjustment  proce- 
dure was  used  by  the  subjects  ta  set  I lie  test  sound  relative  to  a constant  jet  noise  type 
reference  sound.  The  objective  noise  rating  .acasures  tested  were:  PNLT,  ANL 
(Annoyance  level),  PNL,  dBA,  dBB,  dBC,  and  dBL).  It  is  concluded  that  the  ANL 
seems  to  rate  actual  engine  noise  spectra  better  than  any  of  the  other  measures  con- 
sidered in  the  study.  !i  is  also  concluded  that  the  close  agreement  between  results 
obtained  with  the  two  parallel  methods  of  analysis  (i.e, , electrical  signal  analysis 
versus  analysis  of  the  acoustic  signal  in  the  test  chamber)  indicates  that,  with  suffix 
cient  care,  precise  electrical  analysis  can  be  made  and  may  actually  be  better  where 
questions  of  tone  correction  are  involved. 

Comparison  With  Similar  Papers 

The  ANL  parameter  has  not  attained  general  usage  as  have  the  PNL  and  spectrum 
weighting  functions  evaluated  in  References  1,  2,  5,  6,  7,  10,  11,  16  and  17. 

Evaluation  of  Paper 

Duration  was  not  one  oi  fbe  fuctois  considered  in  this  study.  Only  the  spectrum 
weighting  functions  and  pure  tones  were  used  at:  variables.  Only  two  of  the.  seven 
rating  scales  yielded  standard  deviations  out  of  line  with  the  rest.  These  were  dBC 
and  dBB,  Of  the  remainder,  ANL  produced  the  lowest  standard  deviation  (1.17).  It 
appears  that  the  add'd  complexity  of  computing  the  values  of  PNLT,  ANL,  and  PHL 
arc  not  worth  the  extra  trouble  considering  the  similar  correlation  attained  with  the 
simple  weighted  functions  dBA  and  dRD.  It  also  appears  that  dBA  would  be  preferable 
from  the  point  of  view  of  availability  on  sound  level  meters  and  analysis  equipment. 
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